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MEMORANDUM 
The work d e s c r i b e d i n t h i s t h e s i s was c a r r i e d out i n the 
U n i v e r s i t y of Durham between October 1985 and December 1988. I t has 
not b e e n . s u b m i t t e d f o r any o t h e r d e g r e e , and i s t h e o r i g i n a l work of 
t h e a u t h o r e x c e p t where acknowledged by r e f e r e n c e . 
EXPERIMENTAL NOTE 
The m a j o r i t y of t h e c o n c l u s i o n s r e a c h e d i n t h i s t h e s i s a r e based 
on a s e r i e s of e x p e r i m e n t s i n v o l v i n g s i n g l e p o i n t r e s u l t s - i n d i v i d u a l 
e x p e r i m e n t s were not r o u t i n e l y r e p e a t e d , f o r a p a r t i c u l a r s e t of 
c o n d i t i o n s . The j u s t i f i c a t i o n f o r t h i s i s t w o f o l d . 
F i r s t l y , u s i n g the a p p a r a t u s a v a i l a b l e i t was d i f f i c u l t t o 
e x a c t l y r e p r o d u c e e x p e r i m e n t a l c o n d i t i o n s w i t h r e s p e c t t o power 
input/photon f l u x v e r s u s f l o w r a t e . The t r e n d s shown by t h e r e s u l t s 
were t h e r e f o r e f e l t t o be more i m p o r t a n t t h a n i n d i v i d u a l r e s u l t s . 
S e c o n d l y , where e x p e r i m e n t s HS£S r e p e a t e d , and t h e d-eposited 
f i l m s s u b j e c t e d t o a n a l y s i s by ESCA / XPS, the i n d i v i d u a l v a l u e s 
a c h i e v e d f o r both e l e m e n t a l s t o i c h i o m e t r i e s and o t h e r n u m e r i c a l 
r e s u l t s were t y p i c a l l y w i t h i n ± 10% - 15% of t h e mean ( t a k e n t o be 
e x p e r i m e n t a l e r r o r ) , and the o v e r a l l t r e n d s were found t o be 
u n a f f e c t e d by t h e a c t u a l s p r e a d of r e s u l t s . 
T h i s c o n c l u s i o n was p r e v i o u s l y r e a c h e d by HS Munro and H Grunwald 
( J . P o l y m . S c i . , Polym.Chem.Ed., 23, 479 ( 1 9 8 5 ) ) f o r plasma polymers 
d e p o s i t e d u s i n g a e r y l o n i t r i l e , and has been used a s t h e p r e c e d e n t f o r 
t h i s work. The r e p e a t a b i l i t y of r e s u l t s f o r f i l m s d e p o s i t e d from 
f l u o r o e t h y l e n e s i s d e a l t w i t h i n C h a p t e r Two. 
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The work d e t a i l e d i n t h i s t h e s i s c o n c e r n s o r g a n i c t h i n f i l m s 
s y n t h e s i s e d e i t h e r u s i n g R.F. i n d u c t i v e l y c o u p l e d plasmas e x c i t e d i n 
u n s a t u r a t e d monomers c o n t a i n i n g e i t h e r f l u o r i n e or a n i t r i l e group, or 
e l s e i r r a d i a t i n g t h e s a i d monomers i n vacuo u s i n g u l t r a v i o l e t l i g h t . 
The e f f e c t of t h e f o l l o w i n g p a r a m e t e r s on t h e c o m p o s i t i o n and 
s t r u c t u r e of t h e r e s u l t a n t f i l m s was d e t e r m i n e d u s i n g ESCA/XPS : 
a ) power i n p u t t o t h e R.F. plasma s y s t e m , b) photon f l u x d u r i n g UV 
i r r a d i a t i o n , c ) monomer t y p e ( i n c l u d i n g s t r u c t u r a l i s o m e r i s m ) , and d) 
monomer f l o w r a t e . R e l a t i v e s y s t e m d e p o s i t i o n r a t e s were 
r a t i o n a l i s e d i n terms of Yasuda's p a r a m e t e r , W/FM, which was found t o 
h o l d t r u e q u a l i t a t i v e l y , i f n o t q u a n t i t a t i v e l y . 
I n t r o d u c t i o n of h a l o g e n vapour t o t h e plasma s y s t e m i n t h e 
p r e s e n c e of n i t r i l e monomers p h y s i c a l l y d e c r e a s e d t h e glow volume. 
A n a l y s i s by ESCA and UV a b s o r p t i o n s p e c t r o s c o p y r e v e a l e d t h e p r e s e n c e 
of i o n i c h a l o g e n s p e c i e s i n t h e r e s u l t a n t f i l m s . An o v e r a l l d e c r e a s e 
i n d e p o s i t i o n r a t e of t h e s y s t e m was a l s o o b s e r v e d . A s i m i l a r r e s u l t 
f o r t h e l a t t e r was s e e n f o r UV i r r a d i a t i o n i n t h e p r e s e n c e of i o d i n e . 
The r e s u l t s were r a t i o n a l i s e d by a s s i g n i n g a f r e e r a d i c a l mechanism 
f o r both plasma and p h o t o c h e m i c a l f i l m d e p o s i t i o n which i s i n h i b i t e d 
by h a l o g e n s . 
F i l m s formed by i r r a d i a t i o n a t >200 nm were found t o have 
d i f f e r i n g c h e m i c a l c o m p o s i t i o n s compared t o t h o s e o b t a i n e d i n t h e 
vacuum u l t r a v i o l e t (<200 nm). T h i s r e s u l t was a t t r i b u t e d t o t h e 
d i f f e r i n g p h o t o c h e m i s t r i e s o c c u r r i n g i n t h e two w a v e l e n g t h r e g i o n s . 
R e f e r e n c e t o t h e gas-phase p h o t o c h e m i c a l l i t e r a t u r e e n a b l e d 
i d e n t i f i c a t i o n of t h e l i k e l y i n t e r m e d i a t e s and term s t a t e s i n v o l v e d , 
i n c l u d i n g 1,1 and 1,2 m o l e c u l a r e l i m i n a t i o n from e t h y l e n i c monomers i n 
t h e vacuum UV t o g i v e t h e r e s p e c t i v e e t h y n e s , t o g e t h e r w i t h s e c o n d a r y 
p h o t o l y s i s p r o d u c t s . C o n s e q u e n t l y a mechanism f o r s u r f a c e 
p h o t o p o l y m e r i s a t i o n was o u t l i n e d which was compared w i t h t h a t proposed 
f o r plasma p o l y m e r i s a t i o n , both of which i n v o l v e v i b r a t i o n a l l y e x c i t e d 
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C H A P T E R ONE 
AN I N T R O D U C T I O N TO PLASMA P O L Y M E R I Z A T I O N 
2 
1.1 I n t r o d u c t i o n 
A plasma, by d e f i n i t i o n , r e f e r s to the p a r t i a l l y i o n i s e d gaseous 
s t a t e c o n s i s t i n g of molecules, atoms and i o n s i n both ground and 
e x c i t e d ( i n c l u d i n g metastable) s t a t e s together with e l e c t r o n s , the 
whole being i n o v e r a l l e l e c t r i c a l n e u t r a l i t y . 
H i s t o r i c a l l y d a t i n g back to the work of Crookes (1879) and Thomson 
(1897) on the p r o p e r t i e s of cathode r a y s emitted from d i s c h a r g e tubes, 
gas .discharges have been s t u d i e d by s c i e n t i s t s ever s i n c e . I t was 
Langmuir^ (1928) who co i n e d the word plasma t o denote the s t a t e of 
i o n i s e d gases formed i n an e l e c t r i c a l d i s c h a r g e . Plasma p o l y m e r i z a t i o n 
has s i n c e come t o mean the pr o c e s s by which ( t h i n ) polymeric m a t e r i a l s 
are d e p o s i t e d from the gas phase under the i n f l u e n c e of a plasma. 
18 10 Shockwave \0 
Breakwave 16 10 High 
pressure 
a rcs 14 10 
Low pressure 
arcs hermonuclear 12 10 reactor Glow ontrolled 
discharge fusion 
£ 10 experiments 
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FIGURE 1.1 Plasmas Found i n Nature and the Laboratory, C h a r a c t e r i s e d 
bv T h e i r E l e c t r o n Temperatures and E l e c t r o n D e n s i t i e s 
Numerous types of plasmas e x i s t i n nature and/or can be c r e a t e d i n 
the l a b o r a t o r y , each a b l e to be c h a r a c t e r i s e d u s i n g the c r i t e r i a of 
2 
e l e c t r o n temperature and a l s o e l e c t r o n d e n s i t y . 
F i g u r e 1.1 i l l u s t r a t e s a v a r i e t y of known plasmas. D i v i d e d i n t o 
" c o o l " , n on-equilibrium and hot, e q u i l i b r i u m plasmas, i t i s the former 
range which encompasses the realm of " p o l y m e r i s i n g " plasmas (or glow 
d i s c h a r g e s ) w h i l s t the l a t t e r , c h a r a c t e r i s e d by a v e r y high gas 
temperature which i s equated approximately t o e l e c t r o n temperature, 
f i n d uses i n the compositional a n a l y s i s of m a t e r i a l s , f o r example i n 
i n d u c t i v e l y coupled Plasma-Optical E m i s s i o n Spectrophotometry 
3 
(ICP-OES) or i n d u c t i v e l y coupled Plasma Mass Spectrometry (ICP-MS). 
1.2 Fundamental Aspects of Plasmas 
A plasma i s e l e c t r i c a l l y n e u t r a l when the dimensions of the 
2 
d i s c h a r g e column are s i g n i f i c a n t l y g r e a t e r than the Debye l e n g t h \ . 
ne 
which d e f i n e s the d i s t a n c e over which a charge imbalance may e x i s t , 
where 
E Q i s the p e r m i t i v i t y of f r e e space 
k i s the Boltzmann constant 
Te i s the e l e c t r o n temperature 
n i s the e l e c t r o n d e n s i t y 
e i s the charge on the e l e c t r o n 
I o n i s a t i o n , e s s e n t i a l i f the d i s c h a r g e i s to be i n i t i a t e d and 
maintained, i s caused by c o l l i s i o n s between e l e c t r o n s and gas 
molecules. I f the c o l l i s i o n i s i n e l a s t i c - i . e . r e s u l t s i n the 
t r a n s f e r of usa b l e energy from the e l e c t r o n to the molecule - the 
l a t t e r w i l l be i o n i s e d or, i f i n s u f f i c i e n t energy i s t r a n s f e r r e d , then 
a higher energy s t a t e of the molecule r e s u l t s i n which the e x c e s s 
energy can be s t o r e d i n r o t a t i o n a l , v i b r a t i o n a l , and/or e l e c t r o n i c 
e x c i t a t i o n , as w e l l as i n t r a n s l a t i o n a l energy. Meanwhile the impacted 
e l e c t r o n g a i n s i t s l o s t k i n e t i c energy from the e l e c t r i c f i e l d t h a t 
e x i s t s i n the plasma, which a c c e l e r a t e s i t u n t i l the next c o l l i s i o n . 
I f the p r e s s u r e i n the system i s too high then the d i s t a n c e between 
c o l l i s i o n s (mean f r e e path) i s too s h o r t , r e s u l t i n g i n i n s u f f i c i e n t 
energy g a i n by the e l e c t r o n between c o l l i s i o n s t o i o n i s e the gas 
molecules. Conversely, too low a p r e s s u r e r e s u l t s i n too long a mean 
f r e e path such t h a t few c o l l i s i o n s occur and hence they a r e no longer 
important. B a l a n c i n g these two extremes r e s u l t s i n a t y p i c a l o p e r a t i n g 
p r e s s u r e f o r plasma p o l y m e r i z a t i o n systems of 0.05-10 t o r r . At charge 
10 -3 
d e n s i t i e s of c a . 10 cm t h i s g i v e s a c a l c u l a t e d average l i f e t i m e of 
an e l e c t r o n a g a i n s t recombination of about a m i l l i s e c o n d ^ , with average 
6 
e l e c t r o n v e l o c i t i e s , c, between c o l l i s i o n s g i v e n by: 
c = 
r 2 <\ 
Me EA 1/4 
^ m j 
where M i s the mass of the h e a v i e r p a r t i c l e 
e i s the e l e c t r o n charge 
E i s the e l e c t r i c f i e l d 
A i s the e l e c t r o n mean f r e e path 
m i s the e l e c t r o n i c mass 
The e l e c t r o n energy d i s t r i b u t i o n d e s c r i b e d i n terms of energy 
in p u t , d i s c h a r g e dimensions and gas p r e s s u r e l e a d to the Maxwellian 
7 














X O =2 0 e V 
- Maxwellian 
3 4 I T 
<O = 3 0 e V 
6 7 
» 
10 II 12 
FIGURE 1.2 Maxwellian energy d i s t r i b u t i o n s of e l e c t r o n s 
in an i n e r t gas 
Numerical s o l u t i o n s a r e only p o s s i b l e f o r simple systems, but can 
be r e p l a c e d i n p r a c t i c e by experimental a n a l y s e s u s i n g probe 
8 9 measurements and e l e c t r o n sampling (see below). S u f f i c e to say t h a t 
the e l e c t r o n energy d i s t r i b u t i o n i s such t h a t , though extremely high 
e n e r g i e s can be reached by a few e l e c t r o n s , the average energy i s 
4 
2-3ev , i . e . below the i o n i s a t i o n t h r e s h o l d of most o r g a n i c molecules, 
s i n c e t h e s e a r e t y p i c a l l y ^ l O + e v . Much of the ch e m i s t r y i n v o l v e d i n 
plasma chemistry - i n p a r t i c u l a r plasma p o l y m e r i z a t i o n - i s t h e r e f o r e 
6 
l i k e l y t o be connected with e x c i t a t i o n , r a t h e r than i o n i s a t i o n , of the 
molecule and r e s u l t i n g fragmentation mechanisms. However, i t i s a l s o 
p o s s i b l e t h a t some molecules undergo e x c i t a t i o n and d i s s o c i a t i o n due to 
the vacuum u l t r a v i o l e t (VUV) emission of the gas - e.g. f o r an argon 
10 
plasma . Such emissions can be used as the i n c i d e n t r a d i a t i o n i n 
s u r f a c e m o d i f i c a t i o n or photopolymerization. 
TABLE 1.1 Energies a s s o c i a t e d with a glow discharge and 
some t y p i c a l bond energies 
E n e r g i e s (eV) a s s o c i a t e d with a glow discharge: 




Bond energies (eV): 
C-H 4.3 C=0 8.0 
C-F 4.4 C-N 2.9 
C-C 3.4 C=C 6.1 
1.2.1 Plasma D i a g n o s t i c s 
As mentioned above, numerical s o l u t i o n s t o f i n d the e l e c t r o n 
temperature - and d e n s i t y - of a plasma can only be a p p l i e d t o simple 
systems. More complicated s i t u a t i o n s can only be s o l v e d by p r a c t i c a l 
means, i . e . by the use of plasma d i a g n o s t i c t o o l s and techniques. A 
s h o r t review of v a r i o u s d i a g n o s t i c techniques has been presented by 
T i l l 1 1 . B r i e f l y , they can be d i v i d e d i n t o t h r e e main groups dependent 
upon 'the p o s i t i o n of, and i n t e r f e r e n c e caused by, the a n a l y t i c a l probe; 
i . e . i n s i t u n o n - i n t r u s i v e , i n s i t u i n t r u s i v e and ex s i t u 1 1 . Some of 
the more popular i n s i t u techniques used over the y e a r s have been 
8 12 
(Langmuir) probe methods, ' w h i l s t o p t i c a l a n a l y s i s of the s p e c t r a l 
13 
output of a plasma i s perhaps the most n o n - i n t r u s i v e method, together 
14 15 
w i t h l a s e r / l a s e r f l u o r e s c e n c e , i n f r a r e d and o t h e r s p e c t r o s c o p i c 
16 17 18 
t e c h n i q u e s . ' ' Of these l a t t e r , the use of a m a t r i x (eg a s o l i d 
Argon matrix) to t r a p out and i s o l a t e the r e a c t i v e plasma s p e c i e s 
17 
b e f o r e s p e c t r o s c o p i c (eg IR) a n a l y s i s r e q u i r e s a p h y s i c a l sampling of 
18a,b 
the plasma e f f l u e n t , as do most mass s p e c t r o m e t r i c techniques. 
T h i s sampling i s u s u a l l y a c h i e v e d by p l a c i n g a s m a l l o r i f i c e 
immediately downstream of the d i s c h a r g e r e g i o n t o c r e a t e as l i t t l e 
d i s t u r b a n c e to the plasma as p o s s i b l e . Obviously, t h i s s i t u a t i o n i s 
not i d e a l , f o r , i n a d d i t i o n , the s p e c i e s which a r e a c t u a l l y sampled 
w i l l not be e x a c t l y those which are generated i n the h e a r t of the glow 
d i s c h a r g e region. Rather, they are more l i k e l y to be the r e l a t e d 
products of the e x c i t e d s t a t e s p e c i e s produced " i n glow". T h i s i n 
i t s e l f r a i s e s an important point with r e s p e c t to a l l plasmas, and i n 
p a r t i c u l a r d e p o s i t i n g / p o l y m e r i s i n g systems - the n a t u r e s of the e x c i t e d 
s p e c i e s produced on the a c t u a l glow region ("in glow") are d i f f e r e n t 
8 
from those produced i n the non-discharge (or "out of glow") r e g i o n s . 
The main reason f o r t h i s l i e s i n the d i f f e r e n c e s i n d e n s i t y , 
temperature and d i s t r i b u t i o n of e n e r g i e s of the e l e c t r o n s i n the two 
r e g i o n s ; s i n c e these i n t u r n cause d i f f e r e n c e s i n the degree and 
nature, of i o n i s a t i o n and other e x c i t a t i o n p r o c e s s e s . Hence the 
r e l a x a t i o n p r o c e s s e s and - f o r a plasma d e p o s i t i n g / p o l y m e r i z i n g system 
the molecule fragmentation p r o c e s s e s are a l t e r e d , modifying the 
depos'ition mechanism(s) . Thus the nature of the polymer f i l m s produced 
i s r e l a t e d t o , and a f f e c t e d by, the e l e c t r o n energy and d e n s i t y 
d i s t r i b u t i o n f u n c t i o n s . S i n c e both q u a n t i t i e s a re a f f e c t e d by 
parameters such as the shape of the plasma r e a c t o r , the nature of the 
d i s c h a r g e means ( e l e c t r o d e s , microwave, i n d u c t i v e l y or c a p a c i t i v e l y 
coupled e t c ) , which i n t h e i r t u r n a f f e c t the nature of the e x c i t e d 
s p e c i e s formed and the d e p o s i t i o n / p o l y m e r i z a t i o n mechanism, i t f o l l o w s 
t h a t the nature of the polymer f i l m s formed - i n c l u d i n g chemical 
composition and p r o p e r t i e s - should a l s o be dependent on t h e s e 
parameters. Any d i a g n o s t i c i n s i g h t gained i n t o the t r u e nature of the 
e x c i t e d s p e c i e s , i n s i t u and undisturbed, i s t h e r e f o r e important i n 
g i v i n g the plasma chemist some idea as to the nature of the s p e c i e s 
a c t u a l l y c a u s i n g the d e p o s i t i o n p r o c e s s - i . e . the p o l y m e r i z a t i o n 
mechanism. The l e s s the d i a g n o s t i c technique used i n t e r f e r e s with the 
a c t u a l plasma and plasma p r o c e s s e s , the more a c c u r a t e the p i c t u r e 
18c 
gained. Thus techniques such as quadrupolar mass spectrometry , and 
o p t i c a l / s p e c t r o m e t r i c methods are u s e f u l s i n c e they do not d i s t u r b the 
19a 
plasma, w h i l s t more novel methods, such as the use of sound waves, 
19b 
and wave guides have a l s o been employed. T h e o r e t i c a l i n v e s t i g a t i o n 20 of ( l e s s complicated) systems continues. 
9 
1.3 Plasma Techniques 
There are v a r i o u s s e p a r a t e components which make up a plasma 
system. C h i e f l y / these comprise the a c t u a l chamber or r e a c t i o n v e s s e l , 
t o g e t h e r w i t h a s u i t a b l e pumping system to a c h i e v e the r e q u i r e d base 
and o p e r a t i n g p r e s s u r e s (these can be as low as 10 ^ t o r r up t o 
-10 
10 t o r r ) ; a source of e l e c t r i c a l power and the means to couple t h i s 
power t o the vacuum system. T h i s i s i l l u s t r a t e d s c h e m a t i c a l l y i n 
F i g u r e 1.3 
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FIGURE 1.3 Elements of a Glow Discharge System 
Note t h a t w h i l s t r e s i s t i v e c o upling mechanisms/ used i n dc glow 
d i s c h a r g e s , a r e examples of d i r e c t coupling, c a p a c i t i v e and i n d u c t i v e 
21 
t e c h n i q u e s a r e examples of i n d i r e c t c o upling means. I t i s the l a s t 
of t h e s e methods - the i n d u c t i v e l y coupled plasma - which i s used 
throughout t h i s work, o b v i a t i n g the need f o r e l e c t r o d e s w i t h i n the 
system (the presence of t h e s e d i s t u r b s the e l e c t r o n d e n s i t y 
d i s t r i b u t i o n i n the r e a c t o r chamber t h a t might otherwise be found i f an 
e x t e r n a l power source i s used, due to both the p h y s i c a l presence of the 
e l e c t r o d e s a l t e r i n g the shape of the d e p o s i t i o n chamber, and a l s o the 
c r e a t i o n of a plasma sheath a t the i n t e r f a c e between the e l e c t r o d e 
s u r f a c e and the plasma) . Use of an ICP r e s u l t s i n d e p o s i t i o n o c c u r r i n g 
throughout the r e a c t o r under appropriate plasma c o n d i t i o n s (as opposed 
to on the e l e c t r o d e s i n a DC r e s i s t i v e l y coupled system), with high 
c o n t r o l l a b i l i t y of the plasma operating parameters. However, i n d i r e c t 
c o u p l i n g mechanisms can only be used with f r e q u e n c i e s higher than 
22 
1MHz ; any lower and d i r e c t c o n t a c t of the e l e c t r o d e s w i t h the plasma 
i s n e c e s s a r y f o r s u f f i c i e n t energy t r a n s f e r to take p l a c e to s u s t a i n 
the plasma. Many f r e q u e n c i e s have been used, from 60Hz (AC) to 
23 
13.56MHz (RF) , though few s t u d i e s have been c a r r i e d out to determine 
the nature of the product/s of a given plasma w i t h e x c i t i n g 
24 
frequency . T h i s i s i n marked c o n t r a s t to the i n v e s t i g a t i o n of 
v a r i o u s o t h e r parameters, such as ( e l e c t r i c a l ) power, flow r a t e of 
monomer, pressure-and-shape-of system e t c . , and t h e i r e f f e c t on the 
plasma s u s t a i n e d and the nature of any product (polymer) formed. 
T y p i c a l o p e r a t i n g parameters are given i n Table 1.2. 
Power Input P r e s s u r e / t o r r Frequency/Hz 
DC 10-100V / 1A 0.001-760 
RF 0.1-150 0.01-1 60Hz-13.56MHz 
TABLE 1.2 T y p i c a l Discharge Operating Parameters 
A t t e n t i o n has so f a r been focused on DC and ICP d i s c h a r g e s ; i n 
comparison, microwave d i s c h a r g e s are l e s s s t a b l e a t low p r e s s u r e s . 
S i n c e an i n c r e a s e i n p r e s s u r e g e n e r a l l y l e a d s to an i n c r e a s e i n the 
(monomer) gas temperature, which i n i t s t u r n can cause decomposition of 
o r g a n i c s p e c i e s , microwave techniques are l e s s common i n plasma 
p o l y m e r i z a t i o n work. However, a l l t h r e e techniques are commonly used 
i n plasma chemistry - and p h y s i c s - as a whole. 
1.4 R e a c t i v e S p e c i e s i n a Plasma 
Sin c e a plasma i s s u s t a i n e d p r i n c i p a l l y by e l e c t r o n impact 
e x c i t a t i o n , r e s u l t i n g i n i o n i s a t i o n and e x c i t a t i o n p r o c e s s e s , the 
r e a c t i v e s p e c i e s found i n the plasma s t a t e w i l l i n c l u d e i o n s , n e u t r a l 
s p e c i e s , atoms, metastables and f r e e r a d i c a l s ( a l l i n e i t h e r t h e i r 
ground or e x c i t e d s t a t e s ) . The l a t t e r two s p e c i e s are produced by 
fragmentation of gas molecules ("monomer" molecules i f i t i s a 
d e p o s i t i n g / p o l y m e r i s i n g system) i n e i t h e r the i o n i s e d , or an e x c i t e d , 
s t a t e , w h i l s t the c o n c e n t r a t i o n of n e u t r a l s i s q u i t e l a r g e ( t y p i c a l l y 
16 *"3 22 10 cm a t 1 t o r r ) . The t o t a l numbers of p o s i t i v e and n e g a t i v e 
s p e c i e s are the same to e f f e c t o v e r a l l n e u t r a l i t y ^ and a r e t y p i c a l l y 
25 
some 4-6 o r d e r s of magnitude l e s s than the number of n e u t r a l s 
The above s i t u a t i o n i s f u r t h e r complicated by the presence of 
a c c e l e r a t e d e l e c t r o n s , forming a h i g h l y e n e r g e t i c "soup" capable of 
a c h i e v i n g r e a c t i o n a c t i v a t i o n e n e r g i e s not normally a c h i e v a b l e by 
c o n v e n t i o n a l ( t h e r m a l ) . The r e s u l t i n g r e a c t i o n mechanisms enable 
organ i c compounds not normally thought of as monomers f o r 
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FIGURE 1.4 C o l l i s i o n P r o c e s s e s i n a Plasma 
de p o s i t e d as o r g a n i c t h i n f i l m s . These f i l m s - a l i a s plasma polymers -
are a product of the h i g h l y r e a c t i v e i n t e r m e d i a t e s formed i n "the plasma 
gaseous s t a t e , though the a c t u a l mechanisms of d e p o s i t i o n can be q u i t e 
complex, o f t e n i n v o l v i n g e x t e n s i v e molecular rearrangements such as 
2 6 
those shown i n p e r f l u o r o a r o m a t i c compounds. O v e r a l l , the r e s u l t a n t 
f i l m s can have s t r u c t u r e s very s i m i l a r to c o n v e n t i o n a l polymers 
obtained from, f o r example, v i n y l i c compounds (con v e n t i o n a l monomers) 
but a r e more l i k e l y to be h i g h l y c r o s s l i n k e d due to f r e e r a d i c a l 
r e a c t i o n s . The a c t u a l nature of the f i l m w i l l depend on the nature of 
the monomer used t o g e t h e r w i t h the r e a c t o r system and the experimental 
parameters s e l e c t e d . An example of t h i s occurs w i t h f l u o r o e t h y l e n e s 
which, as shown i n Chapter 2, p o s s e s s a number of CF^ and CF^ 
f u n c t i o n a l i t i e s t ogether w i t h quaternary carbon hydrocarbon 
environments even when the o r i g i n a l compounds co n t a i n e d none of t h e s e . 
1.4.1 Plasma R e a c t i o n s 
I n g e n e r a l terms, t y p i c a l r e a c t i o n s which occur i n a plasma 
27 
i n v o l v e the f o l l o w i n g : 
(a) Generation of r e a c t i v e s p e c i e s 
(b) I s o m e r i z a t i o n 
(c) O l i g e r m e r i z a t i o n and d i m e r i z a t i o n 
(d) E l i m i n a t i o n 
Study of t h e s e r e a c t i o n s f a l l s w i t h i n the realm of plasma 
d i a g n o s t i c s d e s c r i b e d e a r l i e r . I n g e n e r a l , most plasma r e a c t i o n s can 
be d e s c r i b e d a s : -
. E x c i t a t i o n * Bond Breakage , S t a b i l i z a t i o n . M m* M I • Product 
Where M* i s the e x c i t e d n e u t r a l or i o n i c s p e c i e s and I i s the n e u t r a l 
28 
or i o n i c i n t e r m e d i a t e . 
1.5 Plasma A p p l i c a t i o n s 
C o n c e n t r a t i n g on the " c o o l " (as opposed t o "hot") plasma, t h e r e 
a r e two main a r e a s i n which a p p l i c a t i o n s have been developed - s u r f a c e 
m o d i f i c a t i o n of s u r f a c e s ( e s p e c i a l l y polymers), and plasma s y n t h e s i s 
techniques (again, mainly of polymers). 
1.5.1 Surface M o d i f i c a t i o n 
(a) D i r e c t M o d i f i c a t i o n 
D i r e c t m o d i f i c a t i o n of s u r f a c e s u s i n g a plasma g e n e r a l l y 
u t i l i s e s a non-polymerizable gas (such as f l u o r i n e or oxygen) i n order 
to a l t e r the p r o p e r t i e s of the s u r f a c e . The f i r s t technique of any note 
29 
i s t h a t of s u r f a c e g r a f t i n g , i n which the polymer s u r f a c e i s exposed 
to a plasma such t h a t a c t i v a t i o n of the s u r f a c e c r e a t e s r a d i c a l s i t e s . 
T h i s i n t u r n i n i t i a t e s a c o n v e n t i o n a l ( f r e e r a d i c a l ) p o l y m e r i z a t i o n 
p r o c e s s at the s u r f a c e when the g r a f t monomer i s i n t r o d u c e d i n t o the 
r e a c t o r i n the absence of a plasma. A l t e r n a t i v e l y , a technique known 
as CASING - g r o s s l i n k i n g by a c t i v a t e d s p e c i e s of i n e r t gases - has been 
30 31 
used to improve adhesive bonding, w e t t a b i l i t y and p r i n t i n g of 
polymers. Here the m o d i f i c a t i o n i s e f f e c t e d by d i r e c t and r a d i - a t i v e 
energy t r a n s f e r from plasmas e x c i t e d i n i n e r t g ases. 
Surface m o d i f i c a t i o n by plasma e t c h i n g has been suggested 
to be of g r e a t importance, p a r t i c u l a r l y i n the m i c r o e l e c t r o n i c s 
32-38 32-33 i n d u s t r y . Fluorocarbon gases a r e used t o f l u o r i n a t e s u r f a c e s 
( p o s s i b l y thought to be v i a gas phase formation of h i g h l y r e a c t i v e 
f l u o r i d e i o n s ) , w h i l s t plasma o x i d a t i o n can be used to c r e a t e low 
energy, h y d r o p h i l i c s u r f a c e s on, f o r example, c o n t a c t l e n s e s , thus 
39 
making them more comfortable to wear. T h i s o c c u r s by i n t r o d u c i n g 
carbon-oxygen f u n c t i o n a l i t i e s i n t o the s u r f a c e which being h y d r o p h i l i c 
themselves, g i v e s the s u r f a c e i t s o v e r a l l " w a t e r - l o v i n g " property. 
Other f u n c t i o n a l i t i e s and hence p r o p e r t i e s , can be i n t r o d u c e d i n t o 
s i m i l a r or other s u r f a c e s simply by r e p l a c i n g the oxygen i n the 
o x i d a t i o n chamber by any s u i t a b l e etchant d e s i r e d , such as s u l p h u r 
40 41 d i o x i d e , SO^ or even other organic compounds. The a r e a c o n t i n u e s 
to a t t r a c t i n t e r e s t , eg i n review form, w h i l s t expanding to i n c l u d e 
m o d i f i c a t i o n of "unconventional" polymer s u r f a c e s , such as f l u o r o r e s i n 
43 44 composites, amorphous carbon, diamond and g r a p h i t e f i l m s , and 
i - 4 5 l i q u i d s . 
(b) I n d i r e c t M o d i f i c a t i o n 
I n a d d i t i o n to the above techniques of d i r e c t s u r f a c e 
m o d i f i c a t i o n , the i n t r i n s i c p r o p e r t i e s and c h a r a c t e r i s t i c s of plasma 
polymers have been used i n order to modify the o v e r a l l behaviour of a 
s u r f a c e by c o a t i n g i t with a t h i n plasma polymer f i l m . These 
p r o p e r t i e s d e r i v e from the f a c t t h a t f i l m d e p o s i t i o n i s a gas-phase 
p r o c e s s without the need f o r s o l v e n t e v a p o r a t i o n - which l e a d s , i n 
g e n e r a l , t o a " p i n h o l e - f r e e " , three-dimensional network t h a t i s u s u a l l y 
h i g h l y c r o s s l i n k e d and has no d i s t i n c t repeat u n i t as found i n 
c o n v e n t i o n a l polymers. Mence p o s s i b l e uses have i n c l u d e d , amongst 
35 49 50 o t h e r s , as p r o t e c t i v e c o a t i n g s ' , w h i l s t o t h e r a p p l i c a t i o n s a r e 
d e a l t w i t h l a t e r on - i n c l u d i n g s u r f a c e m o d i f i c a t i o n of carbon f i b r e s 
and composites, both of which are becoming i n c r e a s i n g l y important i n 
i n d u s t r y ( m o d i f i c a t i o n o f t e n improves the p h y s i c a l p r o p e r t i e s of the 
m a t e r i a l ) . Thus, f o r example, d e p o s i t i o n of an a c r y l o n i t r i l e plasma 
46 
polymer on a carbon f i b r e s u r f a c e was found by D a g l i and Sung to g i v e 
a s u b s t a n t i a l improvement i n both i n t e r l a m i n a r s h e a r and f l e x u a l 
48 47 s t r e n g t h . Other work has continued on b l o c k s as w e l l as f i b r e s . 
1.5.2 Polymer S y n t h e s i s 
T h i s has been a p a r t i c u l a r l y a c t i v e area of i n t e r e s t , e s p e c i a l l y 
w i t h r e g a r d t o o r g a n i c and o r g a n o m e t a l l i c compounds, s i n c e the 
16 
p r o c e s s e s o f f e r advantages over c o n v e n t i o n a l polymer s y n t h e s i s . These 
can be i n the form of the type of "monomer" used - f o r example benzene, 
of no p r a c t i c a l importance f o r con v e n t i o n a l p o l y m e r i z a t i o n techniques 
and r e a c t i o n s due to t h e aromatic nature of i t s u n s a t u r a t e d carbon -
carbon bonds, i s j u s t as e a s i l y "polymerised" i n a plasma as i s the 
more c o n v e n t i o n a l monomer e t h y l e n e - to the i n c o r p o r a t i o n of other 
f u n c t i o n a l i t i e s (such as f l u o r i n e groups of o r g a n o m e t a l l i c s ) to a l t e r 
the p h y s i c a l ( e s p e c i a l l y e l e c t r i c a l ) and chemical p r o p e r t i e s of the 
film/polymer deposited/formed. I t i s t h i s a r e a of s y n t h e s i s and 
a p p l i c a t i o n s t h a t i s e x p l o r e d i n a major p a r t of t h i s work and which i s 
t h e r e f o r e c o n s i d e r e d next. 
1.6 Plasma P o l y m e r i z a t i o n 
As s t a t e d a t the beginning of t h i s Chapter, a plasma i s a gaseous 
s t a t e c o n s i s t i n g of i o n s and e x c i t e d s t a t e s t ogether w i t h e l e c t r o n s , 
the whole being i n o v e r a l l e l e c t r i c a l n e u t r a l i t y . 
I f a plasma i s induced i n the pure vapour of a compound then the 
formation of i o n s and other e x c i t e d s p e c i e s of t h a t compound r e s u l t s . 
These and other s p e c i e s formed from v a r i o u s fragmentation pathways may 
l e a d t o d e p o s i t i o n of t h i n f i l m s from the ga3 phase, commonly known as 
plasma polymers. Note t h a t , ( i ) though most o f t e n deposited as t h i n 
f i l m c o v e r i n g s on s u b s t r a t e s , such as gold or aluminium, t h i s need not 
always be the case - experimental c o n d i t i o n s may r e s u l t i n the 
formation of " f r e e s t a n d i n g " polymer t h a t i s not a t t a c h e d to the 
s u b s t r a t e ( t h i s has been noted by both Yasuda and T i l l and was a l s o 
observed by the author f o r the plasma p o l y m e r i z a t i o n of 
1 , 1 - d i f l u o r o e t h y l e n e , i n which " s t r a n d s " of polymer were d e p o s i t e d 
throughout the r e a c t o r and not j u s t on the r e a c t o r w a l l s and s u b s t r a t e s 
p l a c e d w i t h i n the plasma chamber) or even o i l s r a t h e r than s o l i d s ; 
( i i ) though c a l l e d a "polymer", the s t r u c t u r e of the d e p o s i t e d m a t e r i a l 
may bear l i t t l e resemblance t o any polymer s y n t h e s i s e d by so c a l l e d 
c o n v e n t i o n a l techniques (such as r a d i c a l , c a t i o n i c and a n i o n i c 
s o l u t i o n - s t a t e p o l y m e r i z a t i o n ) - many plasma polymers a r e i n f a c t 
h i g h l y c r o s s - l i n k e d networks w i t h no d i s t i n c t repeat u n i t such as would 
be found i n p o l y e t h y l e n e or p o l y s t y r e n e ; hence the term plasma 
d e p o s i t i o n can be, and o f t e n i s , s u b s t i t u t e d f o r plasma p o l y m e r i z a t i o n ; 
( i i i ) the range of m a t e r i a l s t h a t can be d e p o s i t e d can range from 
or g a n i c , through o r g a n o m e t a l l i c to i n o r g a n i c compounds, wi t h systems 
g i v i n g r i s e to d e p o s i t i o n from many compounds not normally regarded as 
c o n v e n t i o n a l monomers ( f o r example benzene, t e t r a m e t h y l t i n and 
s i l a n e s ) . The realm of i n o r g a n i c d e p o s i t i o n s , though of i n c r e a s i n g 
importance i n i n d u s t r y i s o u t s i d e the scope of t h i s work, which 
c o n c e n t r a t e s on plasma polymeric f i l m s deposited from v i n y l i c systems 
c o n t a i n i n g cyano f u n c t i o n a l groups, i n p a r t i c u l a r 2 - c h l o r o a c r y l o n i t r i l e 
and a l l y l cyanide. F i r s t , though i t i s u s e f u l to survey the f i e l d of 
o r g a n i c plasma p o l y m e r i z a t i o n as a whole. 
1.6.1 O r a a n o m e t a l l i c Systems 
U n t i l 1986, much of the work i n t h i s a r e a had been dominated by 
22 
Suhr and h i s co-workers. O v e r a l l , s u c c e s s f u l d e p o s i t i n g systems were 
ac h i e v e d by a v o i d i n g high e l e c t r o n temperatures and e l e v a t e d 
temperatures, s i n c e t h e s e cause damage to the o r g a n o m e t a l l i c molecule. 
F u r t h e r , by c o n t r o l l i n g and v a r y i n g the metal content of the r e s u l t a n t 
f i l m s , s u b s t a n t i a l changes i n c o n d u c t i v i t y could be achieved. 
18 
Thi3 i s p a r t i c u l a r l y t r u e f o r f i l m s d e p o sited from 
51 52 
t e t r a m e t h y l t i n , ' which have been found t o have a r e a c t i o n time of 
only a few seconds to changes i n e l e c t r i c a l r e s i s t a n c e , and hence 
c o n d u c t i v i t y . T h i s can be induced by exposure to propane, thus e n a b l i n g 
53 
t h e i r use as gas s e n s o r s . The converse behaviour i s t r u e of 
organo-gold compounds, where i t i s the e l e c t r i c a l r e s i s t i v i t y which i s 
53 
the important c o n t r o l l a b l e property. I n t e r e s t i n t h i s p a r t i c u l a r 
a r e a has b l o s s o m e d , ^ with o p t i c a l e m ission spectroscopy being used 
60. 61 
as a d i a g n o s t i c t o o l t o monitor the plasma. Indeed, i n t e r e s t has 
62 65 
i n c r e a s e d i n g e n e r a l , ' w i t h other metals i n c o r p o r a t e d i n c l u d i n g 
66 67 mercury, i r o n , (both i n t h e form of f e r r o c e n e and a l s o i r o n 
68 65 ca r b o n y l ) , palladium and n i c k e l . P o t e n t i a l use of such compounds 
i n c l u d e the i d e a of u s i n g Bu^Sn methacrylate as an a n t i f o u l i n g 
p e s t i c i d a l c o a t i n g . ^ 
I t should be noted t h a t , f o r the m a j o r i t y of t h e s e polymer f i l m s , 
the metal atoms can be i n c o r p o r a t e d as g r a i n s d i s p e r s e d i n a "matrix" 
70 
of o r g a n i c polymer. T h i s c o u l d r e s u l t i n a s u b s t a n t i a l amount of 
metal i n c o r p o r a t i o n uniformly d i s t r i b u t e d throughout the f i l m , 
depending on experimental c o n d i t i o n s . An a l t e r n a t i v e , non-uniform case 
i s aggregation of metal a t the s u r f a c e such t h a t the top l a y e r s of f i l m 
59 
a r e no longer r e p r e s e n t a t i v e of the bulk. T h i s a f f e c t s the 
a p p l i c a t i o n here of some a n a l y t i c a l techniques - eg IR spectroscopy 
would probably not p i c k up such an imbalance i n metal d i s t r i b u t i o n i n 
the f i l m , e s p e c i a l l y i f the o v e r a l l metal content remains more or l e s s 
c o n s t a n t , whereas a s u r f a c e s e n s i t i v e t o o l such as XPS/ESCA should be 
i d e a l i n t h e s e c i r c u m s t a n c e s . F u r t h e r ways i n which the metal atoms 
54,68 
a r e i n c o r p o r a t e d i n t o the polymer f i l m s a re as metal c l u s t e r s , or 
e l s e by a c t u a l l y being bonded i n t o the f i l m by a metal-carbon bond, 
r a t h e r than by simple p h y s i c a l i n c o r p o r a t i o n ( T i l l obtained some 
evidence from mass spectrometry s t u d i e s to suggest t h a t t h i s was the 
71 
c a s e f o r the i n c o r p o r a t i o n of mercury i n t o PFB f i l m s ) . 
1.6.2 Organic Systems 
The remaining o r g a n i c p o l y m e r i z i n g systems can be s p l i t i n t o the 
f o l l o w i n g s u b j e c t a r e a s , namely pure hydrocarbons, hydrocarbons w i t h 
f u n c t i o n a l i t i e s other than f l u o r i n e , and fluorocarbons : 
(a) Hydrocarbons 
E a r l i e r reviews i n t h i s a r e a , and of plasma polymers i n g e n e r a l , 
. , „ . 72-75 „ . „ ,,76,77 _ ,35,78-82 have been presented by Yasuda, Shen and B e l l et a l 
83—85 
w h i l s t the t o p i c continues t o a t t r a c t a t t e n t i o n . Areas of 
86 87 i n t e r e s t i n c l u d e biomedical a p p l i c a t i o n s , vacuum l i t h o g r a p h y , and 
88 
c a t a l y s i s i n plasma p o l y m e r i z a t i o n . Many of t h e s e works attempt to 
e x p l a i n the p o s s i b l e mechanisms of plasma d e p o s i t i o n , w h i l s t o t h e r s 
c o n c e n t r a t e more on the c h a r a c t e r i s a t i o n and c h a r a c t e r i s t i c s of t h e 
polymers formed, w i t h a view t o p o t e n t i a l a p p l i c a t i o n s . W h i l s t some 
authors have con c e n t r a t e d on more c o n v e n t i o n a l "monomers", o t h e r s 
98—103 
have branched out i n t o the f i e l d of aromatic compounds. I n 
a d d i t i o n , work has focused on t r y i n g t o e l u c i d a t e and understand the 
i n f l u e n c e of the v a r i o u s experimental parameters (such as the r o l e of 
104 
the elemental composition of the s t a r t i n g monomer, the i n f l u e n c e of 4. « , 105 _ . 96,106 d i f f e r e n t r e a c t o r designs and energy c o u p l i n g mechanisms 107 
i n c l u d i n g the e f f e c t of t h i s on the power input to the system, - and 
the r o l e of d i f f e r e n t gases i n the system, whether poly m e r i z a b l e i n 
108 109 
t h e i r own r i g h t , or non-polymerizable such as argon) . ' Other 
st u d i e s ' have i n v e s t i g a t e d the e f f e c t of o u t s i d e i n f l u e n c e s on the 
system, such as the e f f e c t of e x t e r n a l l y induced magnetic f i e l d s , 1 1 ^ 
and of i o n bombardment of t h e s u b s t r a t e . 1 1 1 A l l t h e s e works have 
i n v e s t i g a t e d a s p e c t s of both the nature of the polymer f i l m s d e p o s i t e d 
(both i n terms of p h y s i c a l p r o p e r t i e s , such as c o n d u c t i v i t y of the 
s u r f a c e , and chemical s t r u c t u r e and bonding) and t h e 
d e p o s i t i o n / p o l y m e r i z a t i o n s p e c i e s and mechanisms. 
(b) Hydrocarbons w i t h F u n c t i o n a l i t i e s other than F l u o r i n e 
There i s a s c a r c i t y of l i t e r a t u r e i n t h i s p a r t i c u l a r branch of 
p o t e n t i a l monomers, the m a j o r i t y of work being c a r r i e d out u s i n g e i t h e r 
compounds with oxygen f u n c t i o n a l i t i e s a l r e a d y i n s i t u (such as methyl 
112 113 m e t h a c r y l a t e or a l l y l a l c o h o l ) , o r e l s e n i t r o g e n . The l a t t e r has 
been shown to be i n c o r p o r a t e d i n t o t h i n f i l m s by p o l y m e r i s i n g a monomer 
115 
such as e t h y l e n e , i n the presence of n i t r o g e n gas. Though at f i r s t 
s i g h t t h i s might seem s u r p r i s i n g , i t i s no more so than the 
i n c o r p o r a t i o n of gold or mercury atoms i n a f i l m s u r f a c e when they a r e 
i n t r o d u c e d t o a plasma system i n t h e i r atomic vapour form. The 
r e s u l t a n t i n c o r p o r a t i o n can a l t e r p h y s i c a l p r o p e r t i e s of the f i l m , such 
115 
as the d i e l e c t r i c constant and breakdown s t r e n g t h . An a l t e r n a t i v e 
to merely p h y s i c a l i n c o r p o r a t i o n of n i t r o g e n i s the e x i s t e n c e of 
n i t r o g e n f u n c t i o n a l i t i e s w i t h i n the monomer l e a d i n g t o chemical 
i n c o r p o r a t i o n of n i t r o g e n i n the plasma polymer f i l m s . Thus a l l y l a m i n e 
has been used to s y n t h e s i s e r e v e r s e osmosis membranes 1^ and o t h e r 
f i l m s , a s have p y r r o l e and benzylamine.^*' However, the 
i n c o r p o r a t i o n of such s p e c i f i c f u n c t i o n a l i t i e s i n t o a plasma polymer i s 
21 
g e n e r a l l y c o n s i d e r e d t o be d i f f i c u l t - eg a c i d f u c t i o n a l i t i e s have a 
tendency to e l i m i n a t e as CO^. The important f a c t o r s here a r e the 
op e r a t i n g c o n d i t i o n s and the nature of the monomer. However, a number 
of s t u d i e s have c o n c e n t r a t e d on o r g a n i c compounds c o n t a i n i n g 
116—122 
c y a n o / n i t r i l e groups - i n c l u d i n g a c r y l o n i t r i l e - and i t i s to 
t h i s f a m i l y of p o t e n t i a l monomers t h a t t h i s work i s mainly devoted. 
F i n a l l y i n t h i s s e c t i o n , i t should be noted t h a t t h e r e i s no 
reason why any other f u n c t i o n a l i t y should not be d i r e c t l y i n c o r p o r a t e d 
i n t o a plasma polymer system, p r o v i d i n g t h a t a s u i t a b l e c h o i c e of 
116 
s t a r t i n g m a t e r i a l i s made. Thus, f o r example, thiophene, 
i o d o m e t h a n e 1 2 3 and a l l y l i o d i d e 1 2 4 have a l l been s t u d i e d . 
(c) Fluorocarbons 
Study of these compounds i n a plasma and t h e i r r e s u l t a n t polymers 
account f o r a l a r g e p r o p o r t i o n of the c u r r e n t l i t e r a t u r e . Subdivided 
a c c o r d i n g t o monomer type, s a t u r a t e d f l u o r o c a r b o n s - e s p e c i a l l y 
fluoromethanes - are perhaps more u s e f u l as e t c h a n t s and f o r s u r f a c e 
f l u o r i n a t i n g p r o c e s s e s (see e a r l i e r s e c t i o n on s u r f a c e m o d i f i c a t i o n ) 
125-132 
r a t h e r than as monomers f o r plasma p o l y m e r i z a t i o n . T h i s i s i n 
133 
marked c o n t r a s t to the f l u o r o e t h y l e n e s - " e s p e c i a l l y 
134 
t e t r a f l u o r o e t h y l e n e - which have a t t r a c t e d a high degree of 
i n t e r e s t , combining as they do the f u n c t i o n a l i t y of c a r b o n - f l u o r i n e 
bonds together with u n s a t u r a t i o n . The t h i r d c l a s s of fluorocarbons a r e 
the f l u o r o a r o m a t i c s , which - perhaps u n l i k e t h e i r pure hydrocarbon 
analogues - have a l s o been e x t e n s i v e l y i n v e s t i g a t e d , e s p e c i a l l y by 
135 
Munro and T i l l . For a f u l l e r d e s c r i p t i o n of fluoro c a r b o n plasma 
polymers as a whole, and of perfluorobenzenes i n p a r t i c u l a r , r e f e r e n c e s 
22 
135 and 136 which g i v e a view of the f i e l d i n g e n e r a l and of 
135 p e r f l u o r o a r o m a t i c s i n p a r t i c u l a r . 
1.7 Plasma D e p o s i t i o n Mechanisms 
Although the formation of polymers and othe r t h i n f i l m s by plasma 
137 
techniques has been known f o r y e a r s , the d e t a i l e d mechanisms 
i n v o l v e d a r e s t i l l not f u l l y understood. C l a s s i f i e d by Yasuda i n t o 
138 
'plasma-induced' p o l y m e r i z a t i o n and 'plasma-state' p o l y m e r i z a t i o n , 
the plasma p r o c e s s e s i n the f i r s t c a s e i n v o l v e i n i t i a t i o n of a 
co n v e n t i o n a l p o l y m e r i z a t i o n mechanism i n compounds c o n t a i n i n g 
p o l y m e r i z a b l e s t r u c t u r e s - such as v i n y l i c bonds - (e.g. by c r e a t i o n i n 
the plasma s t a t e of f r e e r a d i c a l s which then i n i t i a t e a c o n v e n t i o n a l , 
c h a i n growth r a d i c a l mechanism on the s u b s t r a t e s u r f a c e ) ; w h i l s t i n 
the second, the p r o c e s s e s - and e x c i t e d s p e c i e s - i n v o l v e d i n the 
p o l y m e r i z a t i o n / d e p o s i t i o n of the (polymer) f i l m are anything but 
co n v e n t i o n a l , p o s s i b l y i n v o l v i n g a v a r i e t y of e x c i t e d s t a t e s , r a d i c a l s 
( i n c l u d i n g d i r a d i c a l s ) and p o s s i b l y even i o n s . Note t h a t both s e t s of 
139 
p r o c e s s e s can occur s i m u l t a n e o u s l y i n any g i v e n plasma system. The 
f i n a l product i s determined by the competing d e p o s i t i o n p r o c e s s e s , 
t o g e t h e r w i t h polymer a b l a t i o n . 
The o v e r a l l schematic mechanism of plasma p o l y m e r i z a t i o n has been 
139 
termed CAP - Competitive A b l a t i o n and P o l y m e r i z a t i o n (see F i g u r e 
1.5). Thus, i n plasma e t c h i n g , i t i s the a b l a t i o n p r o c e s s e s which 
dominate, whereas i n d e p o s i t i n g systems i t i s the p o l y m e r i z a t i o n 
p r o c e s s e s . T h i s can be i l l u s t r a t e d p r a c t i c a l l y i n the c a s e of carbon 
t e t r a f l u o r i d e , CF,, which i s b e l i e v e d to have an abundance of h i g h l y 4 r e a c t i v e f l u o r i d e s p e c i e s c r e a t e d i n i t s plasma, and hence i s of use as 
23 
140 an e t c h a n t , whereas i n f l u o r o e t h y l e n e s the v i n y l i c nature of the 
compound might be expected t o dominate. T h i s seems to be the c a s e , 
such t h a t plasma polymerised f i l m s d e p o s i t r a p i d l y , the a n a l y s i s of 
which by ESCA ( E l e c t r o n Spectroscopy f o r Chemical A n a l y s i s ) r e v e a l s a 
141 
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FIGURE 1.5 Competitive a b l a t i o n and polymerization i n 
glow discharge polymerization 
24 
T h i s was found, by the author, f o r the t h r e e monomers v i n y l i d e n e 
f l u o r i d e (CH 2=CHF), 1 , 1 - d i f l u o r o e t h y l e n e (CH 2=CF 2> and 
t r i f l u o r o e t h y l e n e , 1 , 1 - d i f l u o r o e t h y l e n e i n p a r t i c u l a r d e p o s i t i n g so 
r a p i d l y t h a t s t r a n d - l i k e samples of the polymer were p h y s i c a l l y 
c o l l e c t a b l e i n a d d i t i o n t o the u s u a l t h i n f i l m d e p o s i t e d on a s u b s t r a t e 
(aluminium f o i l ) . T h i s suggests t h a t the dominant s p e c i e s i n the 
plasma a r e not f l u o r i d e i o n s , but r a t h e r t h a t the f l u o r i n e i s perhaps 
e l i m i n a t e d m o l e c u l a r l y , e i t h e r by 1,1 or 1,2 m o l e c u l a r e l i m i n a t i o n of a 
combination of H^, HF and F^. I f t h i s i s so, then i t would suggest the 
u t i l i s a t i o n of Rydberg s t a t e s as w e l l as v a l e n c e s h e l l o r b i t a l s i n the 
e x c i t e d s t a t e s . Both can a l s o r e s u l t i n s c i s s i o n of the carbon -
f l u o r i n e bond, and hence the p o s s i b i l i t y of (etching) f l u o r i d e i o n s 
dominating i n the gas phase (NB the C-F bond has an d i s s o c i a t i o n energy 
142 
of 4.4ev; many of the e l e c t r o n s a v a i l a b l e f o r impact e x c i t a t i o n have 
somewhat l a r g e r e n e r g i e s than t h i s (see F i g u r e 1.2) ) . 
Thus, p o s s i b l e mechanisms f o r d i s s o c i a t i o n of v i n y l i c compounds i n 
g e n e r a l a r e v i a 1) e l e c t r o n impact e x c i t a t i o n of a T i e l e c t r o n i n t o a 
, * 
T i or Rydberg o r b i t a l , 2) the capture of an i n c i d e n t e l e c t r o n i n t o a 
low l y i n g o r b i t a l . Both w i l l tend t o g i v e r i s e to u n i m o l e c u l a r 
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decomposition of the e x c i t e d s t a t e s / r a d i c a l i o n s formed. ' I n the 
case of e l e c t r o n capture, i f the carbon-carbon double bond i s 
143 144 s u b s t i t u t e d - as i s the case i n both c h l o r o and f l u o r o e t h y l e n e s 
-then c h l o r i d e and f l u o r i d e i o n s r e s p e c t i v e l y w i l l be formed. At f i r s t 
s i g h t , t h i s might seem to r u l e t h i s p r o c e s s out as a p o s s i b l e route to 
plasma d e p o s i t i o n of f l u o r o e t h y l e n e s , s i n c e an abundance of f l u o r i d e 
i o n s w i l l g i v e r i s e to an e t c h i n g r a t h e r than a p o l y m e r i s i n g system. 
However, f o r c h l o r i n e - c o n t a i n i n g molecules, i t i s known t h a t the 
c h l o r i d e i o n y i e l d i s h i g h e s t when the c a r b o n - c h l o r i d e bond l i e s out of 
the nodal plane of the i i system, s i n c e the temporary anion formed by 
e l e c t r o n attachment i s then found to be i n a r e p u l s i v e s t a t e such t h a t 
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c h l o r i d e i o n appears w i t h a v e r y l a r g e k i n e t i c energy. However, i n 
c h l o r o e t h y l e n e s (and chlorobenzenes), the C - C l bond does l i e on the 
nodal plane. Thus, symmetry of the ground s t a t e s of the p o t e n t i a l 
fragments of d i s s o c i a t i o n from the r e p u l s i v e s t a t e no longer permit 
t h e i r formation a d i a b a t i c a l l y by d i r e c t d i s s o c i a t i o n of the i n i t i a l 
anion. I n s t e a d , the ground s t a t e fragment symmetry n e c e s s i t a t e s a 
p r e d i s s o c i a t i o n mechanism which d i s t o r t s the anion from i t s o r i g i n a l V t 
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) symmetry. Any e x c e s s energy of the system i s c h a n n e l l e d p r i m a r i l y 
i n t o the v a r i o u s v i b r a t i o n a l modes of the o r g a n i c moiety such t h a t the 
r e s u l t i n g fragment i s r e l e a s e d with l e s s k i n e t i c energy than i f d i r e c t 
d i s s o c i a t i o n had taken p l a c e . T h i s i s s i m i l a r l y so with 
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f l u o r o e t h y l e n e s , where the formation of f l u o r i d e i o n i s formed, but 
not u s u a l l y as the dominant channel; r a t h e r the formation i s p r e f e r r e d 
of s p e c i e s such as C=CH^ , C=CHF , 0 = 0 ^ and FHF , a l l f i v e r e s u l t i n g 
from d i s s o c i a t i o n from the resonance. Note t h a t t h i s i s e q u i v a l e n t 
to 1,1 molecular e l i m i n a t i o n - had the d i s s o c i a t i o n p r o c e s s i n v o l v e d 
1,2 e l i m i n a t i o n ( e i t h e r m o l e c u l a r l y or i t s s t e p - w i s e equiva'lent) then 
t h e r e s u l t a n t b i r a d i c a l would be of the form 'C=C, which would 
p r e f e r e n t i a l l y rearrange to form the a c e t y l e n i c compound r a t h e r than 
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undergo r a d i c a l recombination r e a c t i o n s . Indeed, Yasuda e t a l have 
o f t e n observed such a c e t y l e n e s as by-products of p o l y m e r i z i n g systems, 
and c o n s i d e r t h e i r formation to be an i n t e g r a l and important p a r t of 
the o v e r a l l plasma d e p o s i t i o n mechanism. 
O v e r a l l , such mechanisms - whether uni m o l e c u l a r d i s s o c i a t i o n from 
e x c i t e d s t a t e s or r a d i c a l anions - c o u l d c e r t a i n l y account f o r a t l e a s t 
p a r t of the f l u o r i n e l o s s observed i n the f l u o r o e t h y l e n e s , even i f they 
may not perhaps be the dominant pathways. T h i s c o n t r a s t s with the 
o b s e r v a t i o n s f o r e l e c t r o n capture i n a c r y l o n i t r i l e and b e n z o n i t r i l e , 
where i t was found f o r both compounds t h a t the e n e r g e t i c a l l y most 
fa v o u r a b l e d i s s o c i a t i o n channel i s cleavage of the C-CN carbon carbon 
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bond t o g i v e R + CN . The e l e c t r o n c a pture agaxn occurs i n t o a 
m o l e c u l a r o r b i t a l w i t h T i c h a r a c t e r . However, t h i s a l s o appears to be 
t r u e f o r s a t u r a t e d n i t r i l e s , which s i m i l a r l y d i s s o c i a t e t o g i v e the 
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cyanide i o n . I n a l l the n i t r i l e compounds s t u d i e d , the e l e c t r o n 
c r o s s - s e c t i o n s were u n u s u a l l y low; f u r t h e r , s i n c e t h e r e was v i r t u a l l y 
no k i n e t i c energy r e l e a s e i n the r e s u l t a n t fragments which, apart from 
CN , were observed to i n c l u d e (M-H) and (M-I^) anions. T h i s would tend 
to support the i d e a t h a t a p r e d i s s o c i a t i o n , r a t h e r than d i r e c t 
d i s s o c i a t i o n mechanism occurs. 
The above d i s c u s s i o n i l l u s t r a t e s the p o s s i b l e r o l e of symmetry 
c o n t r o l i n bond cleavage p r o c e s s e s i n u n s a t u r a t e d compounds - although 
t h e r e i s no reason why t h i s cannot be extended t o o r g a n i c molecules i n 
g e n e r a l . S i m i l a r l y , though the above s t u d i e s were c a r r i e d " out under 
non-plasma c o n d i t i o n s , t h e r e i s no reason why symmetry c o u l d not p l a y a 
r o l e i n plasma chemistry, and i n plasma p o l y m e r i z a t i o n i n p a r t i c u l a r , 
s i n c e most d i s s o c i a t i o n mechanisms i n the e x c i t e d s t a t e a r e i n f l u e n c e d 
by the symmetry of the e x c i t e d s t a t e concerned as w e l l as 
thermochemical c o n s i d e r a t i o n s ( f o r example a c t i v a t i o n energy of the 
t r a n s i t i o n s t a t e i n v o l v e d , bond d i s s o c i a t i o n e n e r g i e s e t c ) . T h i s 
concept of symmetry c o n t r o l i s , t h e r e f o r e , bound up not only i n 
d i s s o c i a t i v e e l e c t r o n attachment mechanisms, but a l s o i n other 
fragmentation mechanisms i n v o l v i n g e x c i t e d s t a t e s - i n c l u d i n g those 
a c c e s s e d by e l e c t r o n impact e x c i t a t i o n i n t h e plasma s t a t e , and by 
photonic e x c i t a t i o n i n photochemistry. F u r t h e r , s i n c e symmetry i s 
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dependent on the e x c i t e d s t a t e i n v o l v e d , i t i s t h e r e f o r e dependent 
on the nature of the e x c i t e d molecule - i . e . whether they are Rydberg 
or valence-bond i n c h a r a c t e r . T h i s aspect i s p a r t i c u l a r l y t r u e i n 
photochemical systems, which have been e x t e n s i v e l y s t u d i e d i n the 
l i t e r a t u r e (see Chapter 5) . S i n c e i t i s known t h a t o r g a n i c t h i n f i l m s 
can be d e p o s i t e d u s i n g u l t r a - v i o l e t photochemical techniques, and t h a t 
t h e s e f i l m s can be v e r y s i m i l a r i n nature to t h ose d e p o s i t e d i n a 
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plasma system, we can conclude t h a t the mechanisms and e x c i t e d 
s t a t e s i n v o l v e d i n both pr o c e s s e s are not d i s s i m i l a r . Hence, i f 
symmetry a s p e c t s and the nature of the ( e x c i t e d s t a t e ) o r b i t a l s 
occupied i s important i n photochemical d e p o s i t i o n , t h e r e i s no reason 
to suppose t h a t they might not be i n plasma p o l y m e r i z a t i o n mechanisms 
as w e l l . 
The i d e a of a r e a c t i o n mechanism - or pathway - i n c l u d i n g not only 
the t r a n s i t i o n s t a t e ( s ) i n v o l v e d but a l s o the fragmentation paths to 
produce the s p e c i e s a c t u a l l y r e s p o n s i b l e f o r f i l m d e p o s i t i o n i s not 
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new. Yasuda , amongst others, has suggested the importance of 
b i r a d i c a l s i n the a c t u a l p o l y m e r i z a t i o n growth mechanism. I t i s 
t h e r e f o r e worth noting t h a t d i s s o c i a t i v e e l e c t r o n attachment and 
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m o l e c u l a r e l i m i n a t i o n s from both valence and Rydberg o r b i t a l s can 
g i v e r i s e to the formation of b i r a d i c a l s , as w e l l as s u c c e s s i v e ( f r e e 
r a d i c a l ) fragmentation of two bonds on the same carbon atom (e.g. CH^ 
— > CH +2H) and so cannot be e n t i r e l y r u l e d out as d i s s o c i a t i o n 
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mechanisms i n the plasma. That f r e e r a d i c a l s a r e important i n plasma 
p o l y m e r i z a t i o n (although not e s s e n t i a l f o r a plasma i t s e l f to e x i s t ) 
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has been shown by numerous workers, among them Munro and Grunwald, 
who demonstrated t h a t the i n t r o d u c t i o n of i o d i n e - a known f r e e r a d i c a l 
scavenger - i n t o a d e p o s i t i n g a c r y l o n i t r i l e plasma system caused an 
immediate and l a r g e drop i n the observable glow d i s c h a r g e volume. On 
a n a l y s i s , the s u b s t r a t e s which were p l a c e d o u t s i d e of the glow volume 
were' found to have l i t t l e or no f i l m d e p o s i t i o n on them, w h i l s t those 
p l a c e d i n s i d e were found to be r i c h i n i o d i n e (which was a l s o found to 
have e f f e c t i v e l y "doped" the system and a l t e r e d i t s c o n d u c t i v i t y from 
t h a t of an i n s u l a t o r almost to t h a t of a semiconductor). 
F u r t h e r evidence f o r the r o l e of r a d i c a l s can be obtained by ESCA 
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a n a l y s i s of fluoropolymers which r e v e a l t h a t , even f o r those systems 
which do not c o n t a i n f l u o r i n e other than s i n g l y bonded t o carbon, i t i s 
p o s s i b l e to o b t a i n CF^ and CF^ f u n c t i o n a l i t i e s . The l a t t e r a r e 
p a r t i c u l a r l y t o be found i n plasma polymerised f l u o r o e t h y l e n e s and 
p e r f l u o r o a r o m a t i c s , and must i n v o l v e f r e e r a d i c a l combination of 
f l u o r i n e with, say, CF^ b i r a d i c a l s . Such b i r a d i c a l s a r e t h e r e f o r e 
important as b u i l d i n g b l o c k s i n the growth of plasma polymer f i l m s . 
W h i l s t i t i s p o s s i b l e t h a t plasma-induced p o l y m e r i z a t i o n may, i n f a c t , 
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be a cause of plasma d e p o s i t i o n one might a l s o suggest t h a t a d i r e c t 
s t e p growth ( r a t h e r than a c h a i n growth) mechanism i s r e s p o n s i b l e f o r 
plasma d e p o s i t i o n . I n theory, the l a t t e r r e q u i r e s only one a c t i v a t e d 
s p e c i e s to cause 100% conversion of monomer to polymer - although, i n 
p r a c t i c e , somewhat more than a s i n g l e i n i t i a t i n g s p e c i e s i s r e q u i r e d 
due to the p o s s i b i l i t y of t e r m i n a t i o n s t e p s . N e v e r t h e l e s s , the m a j o r i t y 
of molecules p r e s e n t under t h i s mechanism w i l l not have been a c t i v a t e d . 
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I n a t y p i c a l plasma, the e l e c t r o n d e n s i t y i s s u f f i c i e n t l y high to 
ensure t h a t most molecules w i l l undergo c o l l i s i o n a l a c t i v a t i o n of some 
s o r t . Thus, a primary requirement of step-growth p o l y m e r i z a t i o n - the 
se p a r a t e i n i t i a t i o n of each s t e p of p o l y m e r i z a t i o n - i s s a t i s f i e d . A 
way i n which b i r a d i c a l s promote step-growth, whereas " s i n g l e " r a d i c a l s 
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such as CHg cannot, has been suggested s c h e m a t i c a l l y by Yasuda (see 
F i g u r e 1.6) a s i m p l i f i e d v e r s i o n of which was f i r s t proposed by Yasuda 
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FIGURE 1.6 Proposed Rapid Step Growth Mechanism 
For Plasma P o l y m e r i z a t i o n 
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F i g u r e 1.6 shows t h a t a f t e r i n i t i a l e x c i t a t i o n of the s p e c i e s M, 
e i t h e r to form the e x c i t e d s p e c i e s M* or more p a r t i c u l a r l y to generate 
the b i r a d i c a l :Mk, the propagation mechanism i s p o s t u l a t e d t o be mainly 
f r e e r a d i c a l i n nature (M:* i t s e l f becomes the analogous f r e e r a d i c a l 
M) . The r o l e of the b i r a d i c a l s can e a s i l y be seen - note t h a t , u n l i k e 
s i n g l e r a d i c a l recombination, the a d d i t i o n of a b i r a d i c a l does not 
quench the r a d i c a l nature of the r e s u l t a n t product s p e c i e s . I f a 
t e r m i n a t i o n s t e p occurs then f u r t h e r polymer growth can only occur by 
subsequent e x c i t a t i o n of the newly formed (and quenched) s p e c i e s by the 
plasma. However, b i r a d i c a l s need not be l i m i t e d to merely propagating 
c h a i n l e n g t h , s i n c e p r o c e s s i n g two a c t i v e s i z e s makes them i d e a l f o r 
b r i d g i n g c h a i n s . T h i s c o u l d e q u a l l y be t r u e of any s p e c i e s M: . 
CH 
+ CH 
An important bulk property of plasma polymers i s t h a t of a l a r g e 
q u a n t i t y of f r e e r a d i c a l s trapped w i t h i n the polymer m a t r i x d u r i n g f i l m 
formation. T h i s i s due to a steady s t a t e c o n c e n t r a t i o n of a c t i v a t e d 
s p e c i e s not being reached i n the plasma, such t h a t those quenched i n 
f i l m formation are not balanced by the q u a n t i t y formed. Thus the 
growing f i l m i n c o r p o r a t e s one p a r t of the a c t i v a t e d r a d i c a l (or 
d i r a d i c a l ) so r a p i d l y t h a t i t can be trapped w i t h i n the c r o s s - l i n k e d 
m a t r i x before i t s a c t i v e s i t e has a chance to be quenched by another 
incoming r a d i c a l . Being r e a c t i v e i n nature, the presence of l a r g e 
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numbers of such trapped s p e c i e s i n the f i l m may a f f e c t the performance 
i n p a r t i c u l a r a p p l i c a t i o n s , e s p e c i a l l y as any subsequent quenching ( f o r 
example by atmospheric oxygen molecules) w i l l tend to modify the f i l m ' s 
p r o p e r t i e s , p o s s i b l y even n u l l i f y i n g i t s u s e f u l n e s s . Evidence f o r the 
presence of r a d i c a l s i n the f i l m s u r f a c e comes from E l e c t r o n Spin 
Resonance Spectroscopy (ESR) which has shown t h a t the q u a n t i t y of f r e e 
r a d i c a l s p r e s e n t i s r e l a t e d to the chemical s t r u c t u r e of the f i l m 
( s a t u r a t e d a l i p h a t i c hydrocarbons y i e l d the lowest, h i g h l y u n s a t u r a t e d 
monomers the h i g h e s t , l e v e l of trapped f r e e r a d i c a l s w i t h i n polymer 
149 f i l m s ) . 
Throughout the above d i s c u s s i o n , r e f e r e n c e has been made mainly to 
r a d i c a l s , r a r e l y to anions, and not a t a l l to c a t i o n s . Yet, by 
d e f i n i t i o n / t h e s e l a t t e r e x i s t i n s u f f i c i e n t abundance t o a f f e c t the 
c hemistry o c c u r r i n g both i n the gas phase and a l s o on the polymer 
s u r f a c e . C l a r k e t a l proposed t h a t r a d i c a l c a t i o n s were r e s p o n s i b l e 
f o r polymer formation, p a r t i c u l a r l y i n the case of the f l u o r o -
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e t h y l e n e s . However, the formation of o r g a n i c t h i n f i l m s by 
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i r r a d i a t i o n w i t h u l t r a - v i o l e t l i g h t i n s i m i l a r vacuum systems has 
shown t h a t i t i s p o s s i b l e to o b t a i n chemical compositions a k i n t o those 
obtained by plasma p o l y m e r i z a t i o n methods f o r the same s t a r t i n g 
compound, even i f the d e p o s i t i o n r a t e s of the photochemical 
pr o c e s s (known as s u r f a c e photopolymerization) are markedly slower. 
The absence of e l e c t r o n s i n such a photochemical system, a p a r t from the 
few, low energy e l e c t r o n s t h a t might be produced by p h o t o e l e c t r i c means 
from the aluminium s u b s t r a t e s used, means t h a t energy i s imparted t o 
the system by i n c i d e n t photons r a t h e r than by h i g h l y e n e r g e t i c e l e c t r o n 
impact e x c i t a t i o n . At the wavelengths used ( p r i n c i p a l l y 174 nm and 
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146 254 nm) t h e r e was i n s u f f i c i e n t energy a v a i l a b l e to p h o t o i o n i z e the 
monomers (many o r g a n i c molecules t y p i c a l l y have i o n i z a t i o n e n e r g i e s i n 
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e x c e s s of 8-10ev , an e q u i v a l e n t photon energy to which i s only 
a c h i e v e d below 150 nm); hence r a d i c a l c a t i o n s were not p r e s e n t i n the 
system and do not have to be invoiced i n the s u r f a c e photopolymerization 
mechanism. I n view of t h i s evidence, i t i s q u i t e p o s s i b l e t h a t r a d i c a l 
c a t i o n s p l a y l i t t l e r o l e i n plasma p o l y m e r i z a t i o n e i t h e r , although 
important t o m a i n t a i n i n g the plasma s t a t e . Furthermore, a r e c e n t study 
has shown t h a t , f a r from a c t i n g as p o l y m e r i s i n g s p e c i e s , i n c i d e n t i o n s 
at a p o l y m e r i s i n g s u r f a c e can a c t u a l l y a c t i n favour of the a b l a t i v e 
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p a r t of the CAP mechanism, a s i t u a t i o n somewhat s i m i l a r to the 
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e f f e c t of f l u o r i d e i o n on fluorocarbon e t c h i n g systems. 
The above view i s somewhat counterbalanced by the work of 
Kobayashi and co-workers, who c l a i m t h a t , i n the plasma p o l y m e r i z a t i o n 
of a mixture of methane, ethylene and hydrogen gas i o n i c s p e c i e s a r e 
important f o r f i l m formation, w h i l s t the r o l e of s i n g l e (methyl) 
r a d i c a l s appears to be promotion of the growth of diamond p a r t i c l e s i n 
the f i l m . T h i s i d e a of n u c l e a t i o n , or c l u s t e r , growth has a l s o been 
noted i n other plasma systems, i n c l u d i n g o r g a n o m e t a l l i c s . 
O v e r a l l , c u r r e n t t h i n k i n g emphasises the r o l e of a l l a c t i v a t e d 
s p e c i e s i n s u s t a i n i n g the plasma s t a t e , but the importance of r a d i c a l s 
- e s p e c i a l l y b i r a d i c a l s - i n plasma p o l y m e r i z a t i o n i n p a r t i c u l a r , w i t h 
the emphasis on a s t e p growth, r a t h e r than c h a i n growth, mechanism. 
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1.8 SUMMARY 
T h i s c h a p t e r has attempted to i n t r o d u c e the read e r t o the concept 
of a plasma, and to the r e a c t i v e s p e c i e s t h a t e x i s t i n i t . I n 
p a r t i c u l a r , plasma technology - whether used f o r s u r f a c e m o d i f i c a t i o n 
or plasma s y n t h e s i s - i s i n c r e a s i n g i n importance. Where o r g a n i c t h i n 
f i l m s a r e produced by plasma p o l y m e r i z a t i o n techniques, i t has been 
shown t h a t the nature of the f i l m - both p h y s i c a l and chemical -
depends on the type of s t a r t i n g m a t e r i a l and r e a c t o r system used, as 
w e l l as experimental parameters such as the power (W) and flow r a t e (F) 
of monomer d e l i v e r e d to the system. The l a t t e r a r e o f t e n e x p r e s s e d i n 
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terms of Yasuda's parameter W/FM, where M i s the molecular weight of 
the monomer used, i n an attempt t o c o r r e l a t e the p r o c e s s e s o c c u r r i n g 
w i t h i n a glow d i s c h a r g e system. Such attempts a r e a p a r t of an o v e r a l l 
aim to understand the d e p o s i t i o n p r o c e s s e s - and hence mechanisms -
i n v o l v e d . I f the "how" and "why" of the process can be understood then 
perhaps i t can be more a c c u r a t e l y c o n t r o l l e d . The l a t t e r would be of 
i n t e r e s t t o i n d u s t r y i n ge n e r a l - and to e l e c t r o n i c s i n p a r t i c u l a r . 
T h erefore t h i s work i s devoted to the problem of probing the p r o c e s s e s 
t h a t occur i n t h i n f i l m d e p o s i t i o n by the study of o r g a n i c t h i n f i l m s 
d e p o s i t e d under d i f f e r e n t experimental c o n d i t i o n s . 
CHAPTER 2 
PLASMA POLYMERISATION OF SOME FLUOROETHYLENES 
2.1 I n t r o d u c t i o n 
The range of o r g a n i c compounds de p o s i t e d by plasma or glow 
d i s c h a r g e means i s c o n s i d e r a b l e , v a r y i n g from " t r a d i t i o n a l * ' monomers 
such as e t h y l e n e or s t y r e n e , which can be polymerized by c o n v e n t i o n a l 
( i . e . non-plasma) techniques - to non-aromatic, 1 and aromatic 
2 3 4 5 hydrocarbons, heteromatics, o r g a n o m e t a l l i c s and f l u o r o c a r b o n s . 
The d e p o s i t e d f i l m s a r e u s u a l l y h i g h l y c r o s s - l i n k e d networks l a c k i n g 
b a s i c repeat u n i t s found i n eg p o l y s t y r e n e or p o l y e t h y l e n e , but can 
o f t e n have s u p e r i o r p h y s i c a l and chemical p r o p e r t i e s compared to t h i n 
f i l m s formed by other methods. I n p a r t i c u l a r , s i n c e the p r o c e s s 
i n v o l v e s d e p o s i t i o n d i r e c t l y from the gas phase onto (normally) a 
s u b s t r a t e , w i t h no s o l v e n t involvement, the r e s u l t i s a t h i n , p i n h o l e 
f r e e , f i l m t y p i c a l l y hundreds of Angstroms t h i c k . The high degree of 
c r o s s l i n k i n g u s u a l l y means t h a t i t i s i n s o l u b l e i n most c o n v e n t i o n a l 
s o l v e n t s . However, one p o s s i b l e drawback i s t h a t such polymers can 
e x h i b i t s t r e s s c r a c k i n g p r o p e r t i e s - e s p e c i a l l y i f the f i l m i s v e r y 
t h i c k - when exposed to oxygen or moisture uptake from the atmosphere. 
D e s p i t e t h i s , plasma p o l y m e r i z a t i o n - as w e l l as plasma e t c h i n g -
techniques have become of i n c r e a s i n g importance i n such a r e a s of 
i n d u s t r y as e l e c t r o n i c s . Surveys of the c u r r e n t c h e m i c a l " l i t e r a t u r e 
u s u a l l y r e v e a l i n c r e a s i n g uses of plasma polymer f i l m s , whether as 
7 . . 8 membranes f o r osmosis or gas s e p a r a t i o n , i n p r o t e c t i v e c o a t i n g s or 
9 . . . biomedical a p p l i c a t i o n s , or as conducting or ot h e r f i l m s w i t h i n 
e l e c t r o n i c s . 1 ^ However, of a l l the p o t e n t i a l monomers s t u d i e d , 
fluorocarbons have a t t r a c t e d perhaps the most a t t e n t i o n , ^ w h i l s t the 
ar e a of n i t r i l e c o n t a i n i n g compounds - i n c l u d i n g a c r y l o n i t r i l e 1 1 - has 
shown an i n c r e a s e i n r e c e n t y e a r s . 
36 
2.2 Plasma Fluoropolvmers 
The f i r s t p r a c t i c a l and i n d u s t r i a l a p p l i c a t i o n of f l u o r i n a t e d 
o r g a n i c compounds was the i n t r o d u c t i o n of f l u o r o d e r i v a t i v e s such as 
12 
methane and ethane i n t o r e f r i g e r a n t s . Since then the i n c r e a s i n g ease 
of f l u o r o c a r b o n s y n t h e s i s has meant t h a t such m a t e r i a l s have spread 
i n t o many d i v e r s e a r e a s of a p p l i c a t i o n such as l u b r i c a n t s , water and 
o i l r e p e l l a n t s , together with use i n t e x t i l e f i n i s h e s , a d h e s i v e s , f i r e 
e x t i n g u i s h e r s , a n a e s t h e t i c s and anti-inflammatory drugs, though a l l 
t h e s e l a t e r a r e a s are of l e s s e r importance than the o r i g i n a l . Many 
such a p p l i c a t i o n s r e s u l t from the s u r f a c e p r o p e r t i e s e x h i b i t e d by 
fluoropolymers, i . e . t h e i r very low s u r f a c e f r e e energy and low 
c o e f f i c i e n t s of f r i c t i o n . T h i s can be seen, f o r example, by t h e use of 
p o l y t e t r a - f l u o r o e t h y l e n e (PTFE) as n o n - s t i c k c o a t i n g s i n saucepans. 
S i n c e plasma fluoropolymers a l s o e x h i b i t the w e l l known f e a t u r e of 
being p i n h o l e f r e e uniformly t h i n f i l m s e x h i b i t i n g s u p e r i o r p h y s i c a l , 
13 
c hemical, e l e c t r i c a l and mechanical p r o p e r t i e s , the glow d i s c h a r g e 
s y n t h e s i s of such m a t e r i a l s has been a p a r t i c u l a r l y a c t i v e area of 
7 
r e s e a r c h , e s p e c i a l l y w i t h r e g a r d to a p p l i c a t i o n s as membranes. 
However, the h i g h l y c r o s s - l i n k e d nature of many of the r e s u l t a n t f i l m s 
- and i n p a r t i c u l a r t h e i r i n s o l u b i l i t y i n the u s u a l range "of o r g a n i c 
s o l v e n t s - has meant t h a t bulk sample a n a l y t i c a l techniques a r e 
5b 
d i f f i c u l t . Rather, s u r f a c e - s e n s i t i v e techniques such as SIMS and -
i n p a r t i c u l a r - ESCA have i n c r e a s i n g l y come i n t o use, the l a t t e r 
p r o ving to be an i d e a l s p e c t r o s c o p i c t o o l f o r i n v e s t i g a t i n g s t r u c t u r e 
14 
and bonding i n plasma p o l y m e r i z a t i o n i n g e n e r a l . 
The use of ESCA to study fluorocarbon plasma polymers a l l o w s 
c o m p o s i t i o n a l information to be obtained from the C l s spectrum which 
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can then be c r o s s - r e f e r e n c e d t o the atomic r a t i o s of carbon to f l u o r i n e 
obtained as a w h o l e . H e n c e , the accuracy of the assignments made i n 
the C l s envelope can be checked. A f u l l e r account of the g e n e r a l 
a p p l i c a t i o n of ESCA to s t r u c t u r e and bonding i n plasma polymer 
s u r f a c e s , i n c l u d i n g fluoropolymers, has been p r e s e n t e d by 
S h u t t l e w o r t h , ^ who, i n c o n j u n c t i o n with C l a r k , ^ helped p i o n e e r the 
a p p l i c a t i o n of ESCA to the study of f l u o r o e t h y l e n e s i n g e n e r a l , and 
d i f l u o r o e t h y l e n e i n p a r t i c u l a r . I t i s t h i s work t h a t has been used as 
a b a s i s f o r the f i r s t p a r t of t h i s chapter, the range of 
f l u o r o e t h y l e n e s being extended to i n c l u d e t r i f l u o r o e t h y l e n e , CHF^F^, 
and v i n y l i d e n e f l u o r i d e , CH^^HF as w e l l as the 1,1 - d i f l u o r o e t h y l e n e 
p r e v i o u s l y s t u d i e d . The r e s u l t s form a p a r t of the b a s i s of d i s c u s s i o n 
on plasma p o l y m e r i z a t i o n mechanisms found i n Chapter One. 
2.3 Experimental 
2.3.1 Plasma P o l y m e r i s a t i o n 
Plasma p o l y m e r i z a t i o n was c a r r i e d out i n a t u b u l a r r e a c t o r , F i g u r e 
2.1. Aluminium s u b s t r a t e s were p l a c e d a t v a r i o u s d i s t a n c e s along a 
g l a s s s l i d e , which was then i n s e r t e d down the l e n g t h of the r e a c t o r 
such t h a t the l a t t e r was roughly s p l i t i t i n t o an upper and a lower 
h a l f . The r e a c t o r comprised the c e n t r a l p a r t of a g l a s s vacuum system. 
Flanged j o i n t s and the c o l d t r a p were s e a l e d w i t h V i t o n 0 r i n g s w h i l s t 
a l l other connections were made wi t h Cajon u l t r a t o r r c o u p l i n g s on 
ground g l a s s . Vacuum taps were s e a l e d with PTFE s t o p p e r s . 
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FIGURE 2.1 D e p o s i t i o n Chamber 
F i g u r e 2.2 s c h e m a t i c a l l y i l l u s t r a t e s the experimental 
c o n f i g u r a t i o n , which was evacuated u s i n g an Edwards ED2M2 21s 1 or 
81s 1 mechanical r o t a r y pump. The c o l d t r a p was f i l l e d w ith l i q u i d 
n i t r o g e n i n order to t r a p out any r e a c t i v e / w a s t e products before they 
reached the pump and prevent any back-streaming of pump o i l i n t o the 
r e a c t i o n chamber. I n a d d i t i o n , i t a c t e d as a pump i n i t s own r i g h t , 
-2 
the whole apparatus g i v i n g t y p i c a l base p r e s s u r e s of cir_ca 10 mb. 
Pr e s s u r e measurements were made u s i n g a P i r a n i thermocouple gauge. 
The r e a c t i o n chamber was c l e a n e d out before each s e t of 
experiments, and was thoroughly scrubbed with a hard nylon brush u s i n g 
acetone, detergent and Ajax powder, washed thoroughly with both water 
and acetone and then baked i n an oven t o dry. The needle v a l v e 
assembly was s i m i l a r l y thoroughly c l e a n e d before the use of a d i f f e r e n t 
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The r e a c t o r w a l l s and s e a l i n g 0 r i n g s were a l l found to c o n t a i n 
absorbed moisture and a i r from the atmosphere i f l e f t exposed f o r any 
l e n g t h of time. The vacuum system was t h e r e f o r e l e f t to pump down 
overnight a t the s t a r t of each s e r i e s of experiments i n order to 
-2 
achieve a base p r e s s u r e as near to 10 mb as p o s s i b l e . The o v e r a l l 
l e a k r a t e of the vacuum system was t e s t e d a t the s t a r t of each 
experiment by c l o s i n g the system o f f from the r o t a r y pump and measuring 
the ' r i s e of p r e s s u r e on the r e a c t o r over a p e r i o d of time. The 
experiment proceeded only i f the l e a k r a t e was very s m a l l , s i n c e an 
unacceptably high amount of oxygen and/or n i t r o g e n would otherwise have 
been i n c o r p o r a t e d i n t o the polymer f i l m d u r i n g p o l y m e r i z a t i o n (some 
oxygen uptake w i l l always occur u n l e s s the r e a c t o r w a l l s a r e t r u l y 
desorbed and the l e a k r a t e z e r o ) . 
I n the case of the gaseous f l u o r o e t h y l e n e s , which were s u p p l i e d by 
A l d r i c h i n c y l i n d e r form, the c y l i n d e r head was a t t a c h e d to an Edwards 
vacuum needle v a l v e u s i n g p r e s s u r e tubing. T h i s was f i r s t evacuated 
and then t h e whole system purged w i t h the monomer i n use p r i o r to the 
s t a r t of the experiment. A l l p o l y m e r i z a t i o n s were c a r r i e d out under 
dynamic flow c o n d i t i o n s - i . e . w i t h the Young's tap to the pump open -
r a t h e r than i n a s t a t i c system, i . e . w i t h the t a p c l o s e d . 
The r . f . power was s u p p l i e d by a 13.56 MHZ r . f . generator 
i n d u c t i v e l y coupled to the r e a c t o r v i a an e x t e r n a l l y wound 9 t u r n 
copper c o i l , and capable of d e l i v e r i n g between 0.1-150 w a t t s . The 
i n d u c t i v e ( c o i l ) l o a d was matched to the generator v i a an LC matching 
network. A DIAWA SW110A meter was used to measure sta n d i n g wave r a t i o 
(SWR) and r f power ( F i g u r e 2 . 2 ) . Maximum power t r a n s f e r to the c o i l 
o c c u r r e d when the SWR was at a minimum, the optimum v a l u e being 1. 
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A f t e r each d e p o s i t i o n p e r i o d , t y p i c a l l y 5-10 minutes, the r e a c t o r 
was l e t up t o atmosphere. I n i t i a l l y , t h i s was done under n i t r o g e n or 
argon, before t r a n s f e r of the s u b s t r a t e and f i l m to the spectrometer 
under an i n e r t gas b l a n k e t . Once e a r l y r e s u l t s had e s t a b l i s h e d t h a t 
t h e r e was no observable d i f f e r e n c e between the oxygen content of 
samples a n a l y s e d u s i n g t h i s procedure and those which had been l e t up 
t o atmosphere and exposed to a i r d u r i n g t r a n s f e r , the l a t t e r p r a c t i c e 
was e x c l u s i v e l y used. However, the whole process was c a r r i e d out as 
q u i c k l y as p o s s i b l e to minimise the chance of oxygen uptake. 
2.3.2 ESCA A n a l y s i s 
The f i l m s were deposited onto aluminium f o i l s u b s t r a t e s . Once the 
plasma chamber had been l e t up to atmosphere, t h e s e were removed and 
mounted onto a t h r e e s i d e d probe t i p u s i n g double s i d e d Scotch adhesive 
tape. The t i p was then mounted onto the end of a probe and i n s e r t e d 
i n t o the spectrometer. Analyses were c a r r i e d out on e i t h e r a K r a t o s 
ES300 or ES200 spectrometer. A l l i r r a d i a t i o n u t i l i s e d Mg Ka X-Rays, 
11 2 
o 
having an energy of 1253.6ev. The take o f f angle normally used was 35 
u n l e s s an angle dependence study was undertaken, i n which c a s e s p e c t r a 
o 
were run a t 70 as w e l l . 
The ES300 spectrometer was c o n t r o l l e d by the Kratos DS300 system 
based on an LSI-11 minicomputer running under RT-11. Data a c q u i r e d was 
s t o r e d on floppy d i s c , the repeated scanning of up to 10 regions being 
allowed. A data a n a l y s i s package was a v a i l a b l e , a l l o w i n g a f u l l peak 
s y n t h e s i s and f i l i n g r o u t i n e . On o c c a s i o n the ES300 had t o be run i n 
analogue, r a t h e r than d i g i t a l mode. I n t h i s i n s t a n c e the output was 
recorded on paper u s i n g an X-Y c h a r t r e c o r d e r as scanning of the 
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spectrum progressed, and peak f i t t e d u s i n g a Du Pont 310 curve 
r e s o l v e r . Peak a r e a s were then c a l c u l a t e d u s i n g a microcomputer 
programme on an Apple. 
I n c o n t r a s t , the ES200 spectrometer, i n i t i a l l y equipped to run i n 
analogue mode only, was "home converted" to d i g i t a l c o n t r o l u s i n g a BBC 
microcomputer and home-written software. The s p e c t r a recorded were 
s t o r e d on floppy d i s c s , and could be peak f i t t e d to the same standard 
as those a n a l y s e d u s i n g the DS300 system, again u s i n g a l o c a l l y w r i t t e n 
programme. For both machines, component a n a l y s e s were achi e v e d 
f o l l o w i n g l i n e a r background s u b t r a c t i o n , u s i n g g a u s s i a n peaks with a 
consta n t f u l l width a t h a l f h e i g h t . C l s component peak p o s i t i o n s were 
a s s i g n e d by r e f e r e n c e to the e x p e r i m e n t a l l y determined b i n d i n g e n e r g i e s 
15 
of the v a r i o u s f u n c t i o n a l i t i e s i n known standard samples and were 
const a n t t o w i t h i n + 0.3ev. The height of each peak component was 
found t h a t gave the best chemical f i t . 
2.3.3 C a l c u l a t i o n of Flow Rate 
The i d e a l gas law i s c o n s i d e r e d to operate i n the vacuum ranges 
used f o r plasma p o l y m e r i z a t i o n , s i n c e , a t these p r e s s u r e s , gases and 
vapours can be con s i d e r e d as i d e a l . Thus: 
PV = nRT (1) 
where n = no. of moles of gas 
R = gas constant 
T = absolute temperature (K) 
P = p r e s s u r e ( t o r r ) 
3 
V = volume of the system (m ) 
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D i f f e r e n t i a t i n g (1) with r e s p e c t to time, t , and r e a r r a n g i n g 
dn = dP V = flow r a t e i n moLs \ x 
dt dt RT 
3 -5 now, 1cm „ = 1 mol = 4.46 x 10 mol STP — 
22,414 
3 -1 Therefore, the flow r a t e i n cm min i s gi v e n by o i r 
flow r a t e = x X 60 
4.46 x 10~ 5 
S i m i l a r l y , the l e a k r a t e , y, can be c a l c u l a t e d . dP and dt i n each c a s e 
are taken t o be the i n c r e a s e i n p r e s s u r e , dP, w i t h r e s p e c t to a 
measured time period, d t. 
- 1 - 1 4 3 Now, s i n c e R = 8.31434 JK mol = 6.24x10 torr.cm 
mol k 
and 1 t o r r = 1.33 mb 
4 
then R = 6.24 x 10 x 1.33 
4 ^ 3 ,-1,-1 = 8.3 x 10 mbcm mol k 
o o 
The experiments were c a r r i e d out at a temperature of 288 K (15 C - room 




Therefore, the a c t u a l flow r a t e , F, i s given by 
F = UL x 273 x dP x 60 
8.3x10 288 dt 4.46x10 -5 
= 53.35 d& 3 min -1 cm STP 
dt 
NOTE: I n the l a t e r photochemical experiments (see Chapter 5) the 
volume of the r e a c t o r used changed. The flow r a t e s were c a l c u l a t e d 
simply by measuring dP and dt as u s u a l , but a l t e r i n g the volume, V, i n 
the above equation. 
The o v e r a l l flow r a t e f o r the experiment i s obtained by 
s u b t r a c t i n g the observed l e a k r a t e from the flow r a t e . U s u a l l y the 
former was so s m a l l t h a t i t could e f f e c t i v e l y be ignored. 
2.4 R e s u l t s and D i s c u s s i o n 
T y p i c a l examples of the C l s and F l s core l e v e l s p e c t r a obtained 
f o r plasma polymerized p e r f l u o r o e t h y l e n e s are shown i n F i g u r e 2.3. As 
has been noted f o r plasma polymers of perfluorobenzene, t h e o v e r a l l 
band p r o f i l e s of each of the l e v e l s s t u d i e d , and t h e i r r e l a t i v e a r e a 
r a t i o s , remained more or l e s s constant over the range of o p e r a t i o n 
parameters used, so no mention i s made here of the s p e c i f i c 
e x perimental c o n d i t i o n s used; i n ge n e r a l , however, the t y p i c a l system 
o p e r a t i n g p r e s s u r e was i n the region of 0.01-1.0 mb, power d e l i v e r e d to 
the inductance c o i l being i n the range 3-70W. 
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FIGURE 2 . 3 ( i i ) Deposition Chamber, Showing the T y p i c a l D e p o s i t i o n 
P a t t e r n with Respect to the P o s i t i o n of the C o i l . 
Before c o n s i d e r i n g the r e s u l t s f o r a l l t h r e e monomers, i t i s 
worth n o t i n g the problems a s s o c i a t e d w i t h the ESCA a n a l y s i s of the 
samples. These l i e p r i n c i p a l l y i n 1) a c c u r a t e deconvolution of the 
s p e c t r a (or "envelope") observed, 2) allowance f o r the contamination of 
the f i l m s u r f a c e ( s i n c e ESCA i s e s s e n t i a l l y a s u r f a c e s e n s i t i v e t o o l , 
any such contamination w i l l be e x h i b i t e d i n the s p e c t r a observed). 
S u r f a c e contamination e s s e n t i a l l y comes from two s o u r c e s : 
A. The presence of oxygen i n the sample - as shown by the 01s 
core l e v e l p r e s e n t i n a l l the plasma polymers s t u d i e d , and c e n t r e d a t 
approximately 533.5ev. U s u a l l y broad, complex and made up of at l e a s t 
two components due to C-0 and C=0 f u n c t i o n a l i t i e s , the presence of -CC^ 
and - c ° 3 i s a l s o p o s s i b l e i n more h i g h l y oxygenated systems. As 
mentioned i n the experimental s e c t i o n the r e a c t o r w a l l s were desorbed 
of oxygen by pumping down the r e a c t o r chamber overnight p r i o r to each 
s e r i e s of experiments. However, t h i s w i l l never be 100% e f f e c t i v e ; 
f u r t h e r , any l e a k i n the vacuum system, however s m a l l , w i l l r e s u l t i n 
the uptake of oxygen, e s p e c i a l l y by the h i g h l y r e a c t i v e f r e e r a d i c a l s 
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trapped i n the c r o s s - l i n k e d m a t r i x during d e p o s i t i o n (see Chapter 
One) . As oxygen i n c o r p o r a t i o n i s t y p i c a l l y i n the r a t i o of only one 
oxygen atom f o r every t e n or twenty carbon atoms, and i t has "been shown 
t h a t oxygen i n c o r p o r a t i o n w i l l occur even i f the r e a c t i o n chamber i s 
b o l t e d onto the spectrometer such t h a t t r a n s f e r between the two t a k e s 
p l a c e i n vacuo, no s p e c i a l p r e c a u t i o n s were thought n e c e s s a r y . T h i s 
was confirmed when f i l m s l e t up to n i t r o g e n or argon, and then 
t r a n s f e r r e d to the spectrometer w h i l s t s t i l l under an i n e r t gas 
b l a n k e t , showed l i t t l e ( i f any) d i f f e r e n c e to those l e t up to, and 
t r a n s f e r r e d i n , atmosphere. 
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B. The second source of contamination i s evidenced by the 
presence of a hydrocarbon peak i n the C l s spectrum, a r i s i n g from t h r e e 
e f f e c t s : ( i ) a t h i n l a y e r being d e p o s i t e d on top of hydrocarbon 
14a 
contamination i n the s u b s t r a t e , ( i i ) the d e p o s i t i o n of hydrocarbon 
14 
onto the polymer w h i l s t i t i s being t r a n s f e r r e d to the spectrometer, 
or ( i i i ) the formation of a hydrocarbon o v e r l a y e r d u r i n g a n a l y s i s i n 
14d 
the spectrometer. C l a r k and AbRahman have shown evidence t h a t ( i i ) 
18 
i s r e s p o n s i b l e f o r the hydrocarbon contamination of perfluorobenzene, 
and i t i s thought t h a t t h i s e q u a l l y a p p l i e s t o the f l u o r o e t h y l e n e s . 
However, i t i s a l s o known t h a t t h e r e i s an a p p r e c i a b l e b u i l d up of 
hydrocarbon on the f i l m s u r f a c e during a n a l y s i s i n the spectrometer, 
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due t o " b o i l i n g o f f " of contaminant from the X-ray cap and window. 
I t s hould be noted t h a t both hydrocarbon and oxygen contamination were 
p r e s e n t f o r a l l plasma polymer samples s t u d i e d i n t h i s work. 
Deconvolution of the s p e c t r a was not c a r r i e d out i n the c a s e of 
the O l s envelope, s i n c e a d e t a i l e d knowledge of the oxygen s t r u c t u r e 
and bonding was not r e q u i r e d - only the o v e r a l l content. The F l s core 
l e v e l i s a s y m m e t r i c a l l y shaped peak c e n t r e d a t around 689.Oev, 
corresponding to the range of f l u o r i n e environments found i n the C l s 
spectrum. S i n c e the r e s p e c t i v e b i nding e n e r g i e s of t h e s e a r e very 
c l o s e i n v a l u e f o r the t h i c k f i l m s deposited, a s i n g l e symmetrical peak 
r e s u l t e d . Note th a t i f the amount of f i l m d e p o s i t e d i s i n s u f f i c i e n t to 
f u l l y cover the s u b s t r a t e (such t h a t a s i g n a l due to the A12p core 
l e v e l i s v i s i b l e ) , then a second peak can appear i n the F l s envelope to 
a lower b i n d i n g energy than the o r i g i n a l . T h i s i s observed f o r 
5b 
p e r f luorobenzene, and a l s o f o r the C12p peak i n c h l o r o a c r y l o n i t r i l e . 
S i n c e the amount by which the peak i s s h i f t e d i n the r e s p e c t i v e F l s and 
4 8 
C12p peaks i s about 2ev, compared to the 4ev expected i f m e t a l - f l u o r i n e 
bonding o c c u r s , the lower binding energy i s probably due to the 
i n t e r a c t i o n of the adsorbed monomer wi t h the s u b s t r a t e s u r f a c e . T h i s 
5b 
i d e a has been pursued by T i l l , as has the i d e a of the presence of 
s m a l l i f — > T l shake-up s a t e l l i t e s some 7 to 8ev removed to higher 
b i n d i n g energy due to t r a n s i t i o n s accompanying core i o n i s a t i o n of 
v i n y l i c C - F x groups (x=l or 2 ) , and i n d i c a t i v e of u n s a t u r a t i o n i n the 
plasma polymer. T h i s shake-up was not c l e a r l y observed f o r the 
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f l u o r o e t h y l e n e s s t u d i e d , but has been noted by D i l k 3 . 
D e t a i l e d a n a l y s i s of the (very broad and complex) C l s envelope 
r e v e a l s a v a r i e t y of component f u n c t i o n a l i t i e s . These have been 
15.16 
d e t a i l e d elsewhere f o r f l u o r o e t h y l e n e s i n p a r t i c u l a r , but 
e s s e n t i a l l y c o n s i s t of the f o l l o w i n g : £ ( r e p r e s e n t i n g carbon atoms not 
bonded to any f l u o r i n e f u n c t i o n a l i t i e s ) , Q-CF (carbon atoms bonded to 
a CF f u n c t i o n a l i t y e t c ) , CF, CF-CF^, C F 2 ' C F 3 a n c i a s m a l l 
s a t e l l i t e - the l a t t e r e x h i b i t i n g , along w i t h t h e presence of a 
s t e p - f u n c t i o n , evidence f o r u n s a t u r a t i o n i n the polymer f i l m (see 
F i g u r e 2 . 4 ) . The t y p i c a l energy s e p a r a t i o n between the primary 
p h o t o i o n i z a t i o n peak and the shake-up s a t e l l i t e i s about 7-8ev removed 
to h i g h e r b i n d i n g energy, depending on the degree of f l u o f i n a t i o n of 
the parent monomer (7ev corresponding to a hydrocarbon system and 8ev 
to a f u l l y f l u o r i n a t e d aromatic compound). The spectrum i s f u r t h e r 
c o mplicated by the i n s u l a t i n g nature of the f i l m , which s h i f t s the 
b i n d i n g e n e r g i e s of the peaks observed to a hi g h e r energy, and a l s o due 
to s a t e l l i t e peaks removed some 8 to lOev t o lower b i n d i n g energy. The 
former i s overcome to the hydrocarbon peak, which was taken t o occur a t 
a standard, u n s h i f t e d 285.Oev, and c a l i b r a t e d a c c o r d i n g l y ; the l a t t e r , 
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s a t e l l i t e peaks a r e the r e s u l t of u s i n g unmonochromatic r a d i a t i o n and 
were not a n a l y s e d f u r t h e r . Both the above a r e st a n d a r d p r a c t i c e s 
throughout t h i s work. 
Injected Binding Energiea (6V) 
Material CF3 CF, CF a CH F 
CH2CH2 285.0 
CHjCHF 290.0 287.4 285.9 285.0 687.3 
cis CHFCHF 292.9 290.0 287.7 287.0 28S.8 285.0 687.6 
trans CHFCHF 292.7 290.0 287.8 286.8 285.8 285.0 687.5 
CF2CH2 293.4 290.6 288.2 287.0 286.0 285.0 688.4 
CFjCHF 294.0 291.6 289.9 289.0 287.2 285.0 689.1 
CF2CF2 294.1 291.9 289.7 287.6 285.0 689.5 
TABLE 2 . l a C l s and F l s Peak Assignments f o r the Plasma Polymers 
De r i v e d From F l u o r i n a t e d E t h y l e n e s 
MONOMER Sto i c h i o m e t r v (F/C) 
From F l s / C l s From C l s Envelope 
CH 2CHF 0.15 0.20 
CF 2CH 2 0.51 0.56 
CF„CHF 0.99 0.99 
TABLE 2.1b Fluorine/Carbon S t o i c h i o m e t r i c s D e r i v e d From the ESCA 
Data f o r the Plasma Polymers S t u d i e d 
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Elemental s t o i c h i o m e t r y ia obtained by a r a t i o of the a p p r o p r i a t e 
peak a r e a s m u l t i p l i e d by a s e n s i t i v i t y f a c t o r , the l a t t e r t a k i n g i n t o 
account the s e n s i t i v i t y of the spectrometer f o r a p a r t i c u l a r core 
l e v e l , and i n c l u d e s such f a c t o r s as e l e c t r o n mean f r e e path and 
a n a l y s e r response to the e l e c t r o n energy. The s e n s i t i v i t y f a c t o r s used 
throughout t h i s work can be determined e i t h e r e x p e r i m e n t a l l y and/or 
t h e o r e t i c a l l y - a l i s t of v a l u e s employed are t o be found i n Appendix 
1. C r o s s - r e f e r e n c i n g of the s t o i c h i o m e t r y o b t a i n e d (as mentioned 
e a r l i e r i n t h i s Chapter) can be c a r r i e d out u s i n g the c o n t r i b u t i o n s of 
AN EXAMPLE OF THE S T E P FUNCTION OF A C t t 
E N V E L O P E 5 A H/H 
H 
A H 
FIGURE 2.4 The Step Function as Seen i n the C l s Envelope 
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each component peak i n the C l s envelope which has one or more f l u o r i n e s 
d i r e c t l y a t t a c h e d to a carbon atom. These a r e summed such t h a t : -
C:F = T%CF1 + T%CF-CF1 + 2T%CF 21 + 3T%CF 31 
100 
Agreement i n a l l c a s e s was found to be w i t h i n a few %, conf i r m i n g 
t h a t ' the C l s envelope had been c o r r e c t l y deconvoluted u s i n g a good 
chemical f i t . The d i f f e r e n c e s can be a t t r i b u t e d t o the c o n t r i b u t i o n to 
the o v e r a l l C l s envelope of any s i g n a l due to both hydrocarbon 
contamination and a l s o the shake-up s a t e l l i t e , i f p r e s e n t (see below), 
as manual e r r o r i n c o n t r o l l i n g the p e a k - f i t t i n g r o u t i n e . 
The r e s u l t s f o r a l l t h r e e monomer gases s t u d i e d a r e shown i n Table 
2.1b. E f f e c t i v e l y , the o v e r a l l carbon to f l u o r i n e r a t i o s a r e 1:1 f o r 
t r i f l u o r o e t h y l e n e and 2:1 f o r 1 , 1 - d i f l u o r o e t h y l e n e , w h i l s t the v i n y l 
f l u o r i d e F l s core l e v e l shows t h a t t h e r e i s v e r y l i t t l e r e t e n t i o n of 
f l u o r i n e i n the r e s p e c t i v e plasma polymer. S i n c e the s t a r t i n g C:F 
r a t i o s were 2:3, 2:2 and 2:1 r e s p e c t i v e l y , t h i s i s s t r o n g l y i n d i c a t i v e 
of the o v e r a l l e l i m i n a t i o n of HF from the monomer. T h i s can be checked 
by examination of the C l s envelopes - w h i l s t both t r i - and 1,1-di-
f l u o r o e t h y l e n e have a s i g n i f i c a n t amount of C_F, QF^ and even CF^ 
environments, those f o r v i n y l f l u o r i d e show v e r y l i t t l e evidence f o r 
the l a t t e r environment a t a l l ( F i g u r e 2 . 3 . i ) . I t was not p o s s i b l e to 
p r e c i s e l y check t h a t the C:H r a t i o had decr e a s e d as expected ( i . e . 
dropping from 2:1, 1:1 and 2:3 f o r CF 2=CFH, CF 2=CH 2 and CFH=CH2 to no H 
content, 2:1 and 1:1 r e s p e c t i v e l y ) s i n c e ( i ) ESCA i s unable to a n a l y s e 
hydrogen His envelopes. ( i i ) I n the C l s envelopes, the peak component 
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a t 285.Oev i s due not only to t r u e hydrocarbon C-H due t o the f i l m , but 
a l s o any quaternary carbon s p e c i e s ( i e any carbon atoms bonded to four 
o t h e r C atoms r a t h e r than e i t h e r H or F) as w e l l as extraneous 
hydrocarbon contamination. However, the 285.Oev components are 
s u i t a b l y v e r y low f o r t r i f l u o r o e t h y l e n e and v e r y high f o r v i n y l 
f l u o r i d e r e s p e c t i v e l y , w h i l s t d i f l u o r o e t h y l e n e f a l l s between the two. 
20 . ( m ) as noted by D i l k s , the e x i s t e n c e of v i n y l i c CH i n the polymer 
l e a d s to the presence of a s m a l l shake-up s a t e l l i t e removed by about 
7ev from the 285.0 ev r e f e r e n c e . T h i s peak w i l l c o n t r i b u t e to the 
o v e r a l l C l s s i g n a l used i n the F l s / C l s r a t i o c a l c u l a t i o n , whereas on 
p e a k - f i t t i n g the C l s spectrum alone i t can be d i s c o u n t e d . The l a t t e r 
approach can thus l e a d to a higher c a l c u l a t e d F/C r a t i o than the 
former. 
Furthermore, the number of CF^ and CF^ groups i n evidence i n the C l s 
spectrum which are i n d i c a t i v e of rearrangement i n the monomers and 
filrrt3, i n c r e a s e i n a s i m i l a r order - i . e . CHF=CH2 < CF2=CH 2 < CF^^CFH, 
corresponding not only to the amount of f l u o r i n e i n the plasma 
polymerized f i l m s , but to the s t r u c t u r e of the monomer as w e l l (both d i 
and t r i f l u o r o e t h y l e n e a l r e a d y have CF^ groups i n t h e i r s t r u c t u r e , hence 
making formation of the CF^ moiety somewhat e a s i e r compared t o v i n y l 
f l u o r i d e ) . I t should be noted t h a t t h e r e i s a high p r o p o r t i o n of CF^ 
groups i n plasma polymerized t r i f l u o r o e t h y l e n e as w e l l . 
Supporting evidence f o r the above r e s u l t s i s provided by 
Shuttleworth**' and by Clark''"*' and D i l k s , ^  who s i m i l a r l y s t u d i e d 
f l u o r o e t h y l e n e monomers other than CF^=CF^, and a l s o found t h a t , f o r an 
i n d u c t i v e l y coupled plasma, the r e s u l t a n t s t o i c h i o m e t r y i s c o n s i s t e n t 
w i t h the e l i m i n a t i o n of HF. These workers a l s o c o n s i d e r e d the p o s s i b l e 
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nature of the a c t i v a t e d s p e c i e s i n v o l v e d i n the plasma chemistry. Thus 
Sh i i t t l e w o r t h suggested t h a t plasma of 1,1- d i f l u o r o e t h y l e n e , t o g e t h e r 
w i t h c i s - and t r a n s - 1 , 2 - d i f l u o r o e t h y l e n e , e l i m i n a t e HF to form 
f l u o r o a c e t y l e n e - a suggestion supported by m i c r o a n a l y s i s of the plasma 
polymer formed, which r e v e a l e d a f l u o r i n e t o hydrogen r a t i o of 
approximately 1:1 (and hence a carbon t o hydrogen r a t i o of 2 : 1 ) . 1 5 , 1 6 
Based on t h i s evidence Shuttleworth argued t h a t the d e p o s i t i o n 
mechanism u t i l i s e d r a d i c a l c a t i o n s as the e x c i t e d s p e c i e s i n v o l v e d i n 
the p o l y m e r i z a t i o n p r o c e s s , r a t h e r than molecules which a r e found i n 
e l e c t r o n i c a l l y e x c i t e d s t a t e s , both s p e c i e s a b l e to r e s u l t from 
e l e c t r o n impact e x c i t a t i o n . Indeed, f o r a ( f l u o r o ) e t h y l e n i c system 
such e x c i t a t i o n can l e a d to occupation of both the s i n g l e t and t r i p l e t 
s t a t e s f o l l o w i n g a Ti -> T i t r a n s i t i o n , as w e l l as i o n i s a t i o n . The 
corresponding e x c i t a t i o n s are thought t o be c l o s e to ^7.5ev and _4.4ev 
f o r the r e s p e c t i v e s t a t e s . S i m i l a r l y , the i o n i s a t i o n energy of the 
f l u o r o e t h y l e n e s i s c l o s e t o t h a t of e t h y l e n e ( e t h y l e n e 10.51ev, 
21 
1 , 1 - d i f l u o r o e t h y l e n e 10.48ev). I t i s t h e r e f o r e e a s i e r to a c c e s s the 
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e l e c t r o n i c a l l y e x c i t e d l i - or, indeed, Rydberg 3s s t a t e s , than to 
a c h i e v e i o n i s a t i o n . However, thermochemical and entropy c o n s i d e r a t i o n s 
have shown t h a t , f o r the f l u o r o e t h y l e n e s , e l i m i n a t i o n of HF "to produce 
the t r i p l e t s t a t e i s e n e r g e t i c a l l y expensive (e.g. 38 k c a l mole 1 f o r 
15 16 
the 1 , 1 - s u b s t i t u t e d d e r i v a t i v e ) . ' The argument i n favour of 
r a d i c a l c a t i o n s compared to e l e c t r o n i c a l l y e x c i t e d s t a t e s t h e r e f o r e 
l i e s i n a c o n s i d e r a t i o n of the thermochemistry of the r e a c t i o n s 
i n v o l v e d , as w e l l as the view t h a t a Maxwellian d i s t r i b u t i o n of the 
e l e c t r o n e n e r g i e s p r e s e n t i n the plasma would tend to favour more 
e l e c t r o n s w i t h s u f f i c i e n t energy t o cause i o n i s a t i o n , r a t h e r than 
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merely e x c i t a t i o n . However, the r e s u l t a n t scheme suggested f o r the 
i n i t i a l s t a g e s of the plasma p o l y m e r i z a t i o n p r o c e s s does not h o l d up i n 
view of more r e c e n t evidence. I n p a r t i c u l a r t h e r e has been i n c r e a s i n g 
i n d i c a t i o n i n the l i t e r a t u r e t h a t plasma p o l y m e r i z a t i o n i n v o l v e s f r e e 
g 
r a d i c a l s - i n p a r t i c u l a r b i r a d i c a l s - as the major d e p o s i t i n g s p e c i e s . 
T h i s i s not t o say t h a t ions - i n c l u d i n g r a d i c a l c a t i o n s - are not 
i n v o l v e d i n the d e p o s i t i o n process or, perhaps more l i k e l y , as a b l a t i v e 
or c r o s s - l i n k i n g s p e c i e s due to t h e i r impact w i t h the s u r f a c e ; r a t h e r , 
two p i e c e s of evidence i n p a r t i c u l a r show t h a t r a d i c a l c a t i o n s are 
u n l i k e l y t o be a major d e p o s i t i n g s p e c i e s i n e t h y l e n i c systems : 
( i ) the a d d i t i o n of i o d i n e vapour - a known e f f e c t i v e , f r e e 
r a d i c a l scavenger - d r a s t i c a l l y reduces the flow volume of v a r i o u s 
systems t o which i t has been added, p r i n c i p a l l y cyano c o n t a i n i n g 
compounds such as a c r y l o n i t r i l e and i t s d e r i v a t i v e s 2 - c h l o r o - and 
22 
m e t h a c r y l o n i t r i l e . Furthermore, i t was found t h a t t h e r e was 
e f f e c t i v e l y no d e p o s i t i o n o u t s i d e of the glow region - which was 
r e s t r i c t e d t o the region of the inductance c o i l only ( i . e . the region 
of h i g h e s t energy input to the system and hence, presumably, e l e c t r o n 
energy d i s t r i b u t i o n ) - and t h a t , i n the f i l m t h a t was deposited, a high 
degree of i o d i n e uptake had occurred. T h i s i s presumably v i a f r e e 
r a d i c a l recombination, and hence s t r o n g l y suggests a f r e e r a d i c a l f i l m 
growth mechanism. 
( i i ) i t has been demonstrated, both i n t h i s work f o r t r i f l u o r o -
e t h y l e n e and elsewhere f o r t e t r a f l u o r o e t h y l e n e t h a t o r g a n i c t h i n f i l m s 
can be d e p o s i t e d photochemically u s i n g vacuum u l t r a - v i o l e t (<200 nm) or 
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c o n v e n t i o n a l u l t r a - v i o l e t (>200 nm) l i g h t . The former f i l m s , known 
as s u r f a c e photopolymers, proved to be almost i d e n t i c a l i n chemical 
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composition (as s t u d i e d by ESCA) to corresponding f i l m s produced by 
plasma t e c h n i q u e s , w h i l s t the l a t t e r were found by i n f r a - r e d 
spectroscopy to c o n t a i n CF^ m o i e t i e s (see chapter 5) . Hence, s i n c e the 
wavelengths used were w e l l below the p h o t o i o n i z a t i o n t h r e s h o l d , r a d i c a l 
c a t i o n s do not have to be invoked i n the d e p o s i t i o n mechanism. A l s o , 
as was suggested i n Chapter 1, s i n c e i t i s thought t o be f r e e r a d i c a l s 
t h a t a re a c t u a l l y r e s p o n s i b l e f o r the bulk of t h i n f i l m formation, i t 
seems reasonable t o assume t h a t they must have been formed from an 
e l e c t r o n i c a l l y e x c i t e d s t a t e - e s p e c i a l l y the b i r a d i c a l s - s i n c e t h e r e 
a r e innumerable examples of t h i s i n the photochemical l i t e r a t u r e (see 
c h a p t e r 5 ) . I n a d d i t i o n , even i f (as suggested by Shuttleworth) 
thermochemical c o n s i d e r a t i o n s da weigh a g a i n s t the formation of t r i p l e t 
s t a t e s then the p o s s i b i l i t y s t i l l e x i s t s t h a t the e l e c t r o n i c a l l y 
e x c i t e d s t a t e i s i n f a c t Rydberg i n nature, from which molec u l a r 
e l i m i n a t i o n of HF or F- i s e n t i r e l y p o s s i b l e , the f i r s t r e s u l t i n g i n 
the b i r a d i c a l s :C=C and X-'C=C"-Y (the l a t t e r of which i n s t a n t a n e o u s l y 
r e a r r a n g e s to the corresponding ethyne), or e l s e e l e c t r o n capture might 
occur to form the r a d i c a l anion. The e x c i t e d s t a t e here was shown i n 
2 
Chapter One to have TT symmetry and to f o l l o w a p r e d i s s o c i a t i o n 
mechanism, again i n v o l v i n g molecular e l i m i n a t i o n as one of the 
24 
fragmentation pathways, again with b i r a d i c a l s as a r e s u l t . 
F i n a l l y , although, f o r the experimental c o n d i t i o n s used both i n 
t h i s work and t h a t done by Shuttleworth, the o v e r a l l s t o i c h i o m e t r y 
suggests e l i m i n a t i o n of HF from the molecule, t h i s w i l l not be the only 
d i s s o c i a t i o n pathway i n v o l v e d ; analogy with the mass s p e c t r o m e t r i c 
s t u d i e s undertaken f o r c h l o r i n e s u b s t i t u t e d o l e f i n s would suggest t h a t 
although t h e major d i s s o c i a t i o n pathway from e x c i t e d s t a t e s and r a d i c a l 
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i o n s a l i k e i s indeed molecular e l i m i n a t i o n , o t h e r d i s s o c i a t i o n channels 
25 
- and hence products - are p o s s i b l e . For example, d i r e c t (bond) 
d i s s o c i a t i o n s may occur to g i v e r i s e to other p o s i t i v e and n e g a t i v e 
i o n s i n the plasma b e s i d e s r a d i c a l anions and c a t i o n s . These too, may 
p l a y a r o l e i n the o v e r a l l c o m p e t i t i v e a b l a t i o n and p o l y m e r i z a t i o n 
mechanism. T h i s does not d e t r a c t from the i d e a t h a t f r e e r a d i c a l s a r e 
c u r r e n t l y c o n s i d e r e d to be the prominent d e p o s i t i n g s p e c i e s r e s p o n s i b l e 
f o r f i l m growth. 
CHAPTER 2 
PLASMA POLYMERIZATION OF ORGANIC COMPOUNDS CONTAINING 
A CYANO OR NITRILE GROUP 
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3.1 I n t r o d u c t i o n 
Organic n i t r i l e s (organic compounds c o n t a i n i n g a pendant cyano 
group) a r e of p o t e n t i a l i n t e r e s t i n plasma c h e m i s t r y s i n c e they a r e a 
source of n i t r o g e n and ( i n the carbon-nitrogen t r i p l e bond) c o n t a i n 
u n s a t u r a t i o n . Hence, s a t u r a t e d hydrocarbons c o n t a i n i n g C-CN, such as 
a c e t o n i t r i l e , Me^CN, a l s o c o n t a i n u n s a t u r a t i o n w i t h i n Yasuda's 
c l a s s i f i c a t i o n of monomers,^ w h i l s t a c r y l o n i t r i l e , CH2=CHCN, c o n t a i n s 
u n s a t u r a t i o n due to both the carbon-carbon double bond and a l s o the 
n i t r i l e group. T h i s l a t t e r compound has r e c e i v e d a t t e n t i o n i n the 
2—6 
l i t e r a t u r e i n re c e n t y e a r s , s t u d i e s c e n t r i n g on the p r o p e r t i e s of 
i t s plasma polymers - and t h e i r dependence on the c h a r a c t e r i s t i c s of 
the plasma systems - together w i t h t h e i r p o t e n t i a l a p p l i c a t i o n s (eg f o r 
use i n the s u r f a c e m o d i f i c a t i o n of polymers, g r a p h i t e b l o c k s and f i b r e s 
to a l t e r the o v e r a l l s t r e n g t h and t e n s i l e p r o p e r t i e s of the 
1 3 
s u b s t r a t e ) . ' S t u d i e s of other n i t r i l e s a r e l e s s common, but i n c l u d e 
7 
the r e l a t e d compounds metha- and 2 - c h l o r o a c r y l o n i t r i l e , which were 
found t o e l i m i n a t e HCN and C1CN, r e s p e c t i v e l y , to g i v e t h e 
corresponding a c e t y l e n e s . A l l y l cyanide p r o v i d e s a c o n t r a s t to 
a c r y l o n i t r i l e i t s e l f , s i n c e the cyano group i s no longer 1,2 to the 
carbon-carbon double bond, being removed by one methylene t i n i t , C H2" 
The molecule thus p o s s e s s e s both a l l y l i c and n i t r i l e c h a r a c t e r , and so 
was chosen as a monomer f o r t h i s work, together w i t h metha- and ( i n 
p a r t i c u l a r ) 2 - c h l o r o a c r y l o n i t r i l e . A c o n t r a s t i s thus provided between 
d i f f e r e n t cyano c o n t a i n i n g compounds, and a l s o between 2 - c h l o r o a c r y l o -
n i t r i l e and v i n y l i d e n e f l u o r i d e , both of which have a halogen atom 
d i r e c t l y a t t a c h e d to an unsaturated carbon atom. 
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3.2 Aim 
The work of Yasuda and co-workers has shown the importance of 
v a r i o u s components t h a t a f f e c t the plasma p o l y m e r i z a t i o n p r o c e s s ; 
namely, flow r a t e ( F ) , power (W) and the m o l e c u l a r weight of the 
p r e c u r s o r (M). ^  A l l t h r e e parameters are encompassed i n the composite 
d i s c h a r g e parameter W/FM, and have been shown to be important i n the 
d e s c r i p t i o n and c o n t r o l of experimental c o n d i t i o n s of the plasma 
p o l y m e r i z a t i o n p r o c e s s . Most emphasis has been on the e f f e c t of W, F 
and M on r a t e s of d e p o s i t i o n and, to a l e s s e r e x t e n t , chemical 
composition. T h i s Chapter t h e r e f o r e i n v e s t i g a t e s the chemical 
composition of v a r i o u s organic monomers de p o s i t e d by plasma 
p o l y m e r i z a t i o n t e c h n i q u e s , as s t u d i e d by ESCA. I t was hoped t h a t the 
r e s u l t s might shed l i g h t on some a s p e c t s of the d e p o s i t i o n mechanisms. 
3.3 Experimental 
3.3.1 Plasma P o l y m e r i z a t i o n 
The experimental s e t up was i d e n t i c a l to t h a t i n Chapter Two w i t h 
r e g a r d t o the vacuum l i n e and r f generator. The monomers used were: 
A c r y l o n i t r i l e ) 
2 - C h l o r o a c r y l o n i t r i l e ) s u p p l i e d by A l d r i c h 
M e t h a c r y l o n i t r i l e ) 
A l l y l cyanide ) 
A c r y l o n i t r i l e was p r i n c i p a l l y used to " t e s t " the system. I t s 
6 
behavxour was found t o agree with t h a t observed by Munro and Grunwald, 
and w i l l not be c o n s i d e r e d f u r t h e r except i n d i s c u s s i o n . 
A l l the monomer compounds e x i s t i n the l i q u i d s t a t e at room 
temperature and p r e s s u r e . P r i o r to use, each compound was t r a n s f e r r e d 
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from i t s stock b o t t l e to a monomer tube, the l a t t e r s e a l e d with a 
Young's tap. The monomer was degassed by a l t e r n a t e freeze-thaw c y c l e s 
i n vacuo p r i o r t o being a t t a c h e d to the r e a c t i o n chamber. Monomer 
vapour was b l e d i n t o the chamber u s i n g an Edwards needle v a l v e ; l e a k 
and flow r a t e s were measured u s i n g an XY r e c o r d e r w i r e d up to a P i r a n i 
p r e s s u r e head. A new flow r a t e was c a l c u l a t e d f o r each experiment. 
3.3.2" ESCA A n a l y s i s 
ESCA s p e c t r a were run on e i t h e r a Kratos ES200 or ES300 
spectrometer i n d i g i t a l mode and p e a k - f i t t e d u s i n g the Kratos Data 
Handling Package (ES300) or l o c a l l y w r i t t e n computer software (ES200). 
A l l peak assignments were r e f e r e n c e d to t h a t of C-H o c c u r r i n g a t a 
bi n d i n g energy of 285.0 eV. Two model compounds were run 
p o l y a c r y l o n i t r i l e and p o l y c h l o r o a c r y l o n i t r i l e , both of which were 
commercially s u p p l i e d . P o l y a c r y l o n i t r i l e gave r i s e t o the C l s and Nls 
s p e c t r a shown i n F i g u r e 3.3.1. Theses were r e s o l v e d as f o l l o w s : 
a) C l s Two peaks were found, c e n t r e d a t 285.0 eV and 286.6 eV i n 
the r a t i o of 2:1. The l a t t e r was a s s i g n e d t o carbon d i r e c t l y bonded to 
n i t r o g e n i n the n i t r i l e group, with the remaining two carbon atoms 
g i v i n g chemical s h i f t s of 285.0 eV. 
b) N ls One peak was seen, c e n t r e d a t 399.3 eV and corresponding 
t o n i t r o g e n t r i p l y bonded to carbon. 
P o l y ( a l p h a ) c h l o r o a c r y l o n i t r i l e s p e c t r a a r e shown i n F i g u r e 3.3.2. 
a) C l s I n i t i a l i n t e r p r e t a t i o n proved d i f f i c u l t , s i n c e the 
expected r e s u l t had been e i t h e r t h r e e peaks i n the r a t i o 1:1:1, or e l s e 
two peaks i n the r a t i o 2:1. The spectrum shown was r e s o l v e d i n t o t h r e e 
peaks c e n t r e d a t 285.0 eV, i n i t i a l l y a s s i g n e d as C_H =C; 286.6 eV, 
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a s s i g n e d to ni t r o g e n t r i p l y bonded to carbon; and 288.1 eV, a t t r i b u t e d 
to carbon bonded to c h l o r i n e and to the n i t r i l e group. However, the 
29:53:18 r a t i o of peak a r e a s found d i d not f i t the molecular formula. 
S i n c e the sample was run i n powder form, r a t h e r than as a c a s t f i l m , 
peak 1 was assumed t o be due to i n t e r g r a n u l a r hydrocarbon contamination 
- a reasonable assumption, s i n c e the a d j a c e n t CC1CN moiety was a l s o 
thought l i k e l y to g i v e r i s e to a bi n d i n g energy higher than 285.0 eV 
due to an i n d u c t i v e e f f e c t . S u b t r a c t i n g out t h i s contamination gave 
new atomic v a l u e s as f o l l o w s : 
C C I N 
1 0.33 0.34 
i e the r e v i s e d C l s envelope not only gave the 2:1 r a t i o a n t i c i p a t e d , 
but a l s o gave the c o r r e c t elemental r a t i o s as w e l l . The bi n d i n g 
e n e r g i e s were thus a s s i g n e d as f o l l o w s : 
CH 2 = CCl - CN 
286.6 288.0 286.5 ( a l l b i n d i n g e n e r g i e s i n eV) 
Assignment u s i n g the hydrocarbon contamination as r e f e r e n c e a t 285.0 eV 
3/2 8 was c r o s s - c h e c k e d u s i n g the C12p peak, known t o occur a t 200.4 eV. 
b) The Nls envelope again r e v e a l e d a s i n g l e peak, c e n t r e d a t 
399.3 eV. 
Using the above data, the C l s s p e c t r a obtained f o r the plasma 
polymers of both monomers were f i t t e d with four peaks, c e n t r e d a t 1) 
285.0 eV 2) 286.6 eV 3) 287.8 eV 4) 289.0 eV. Sin c e r e s o l u t i o n was 
deemed to be ac c u r a t e to + 0.3 eV, the s e peak assignments a l s o 
encompassed the f o l l o w i n g chemical environments : C C l , C-N, C=N, C-O 
(286.6 eV), C=0 (287.8 eV), - c o 2 ~ < 2 8 9 - 0 e V > • W h i l s t i t i s 
acknowledged t h a t the above l i s t was not e x h a u s t i v e w i t h r e s p e c t to the 
63 
p o s s i b l e number of d i f f e r e n t carbon environments formed i n the plasma 
polymer f i l m s / i t was f e l t t h a t the assignments covered a s u f f i c i e n t 
m a j o r i t y to enable q u a n t i t a t i v e a n a l y s i s of the f i l m s to be c a r r i e d 
out. Due t o the l a r g e number of environments o c c u r r i n g a t each b i n d i n g 
energy, t r e n d s are pre s e n t e d i n terms of peak c o n t r i b u t i o n s to the 
o v e r a l l C l s spectrum, r a t h e r than i n d i v i d u a l chemical environments. 
b) The Nls s p e c t r a were f i t t e d u s i n g two peaks - t h a t a t 399.3 
eV, corresponding to n i t r o g e n t r i p l y bonded to carbon, was found t o be 
accompanied by a second peak c e n t r e d a t 400.8 eV, a s s i g n e d to n i t r o g e n 
s i n g l y or doubly bonded to carbon (see below f o r e x p l a n a t i o n ) . 
M e t h a c r y l o n i t r i l e and a l l y l cyanide plasma polymers were al3o peak 
f i t t e d u s i n g the above assignments. 
3.3.3 Mass Sp e c t r o m e t r i c I n v e s t i g a t i o n s 
These were c a r r i e d out on the Departmental spectrometer, a VG 
A n a l y t i c a l machine equipped w i t h a Winchester D i s k D r i v e System. 
The fragmentation p a t t e r n s f o r each monomer were s t u d i e d w i t h r e s p e c t 
to i n c r e a s i n g energy of the bombarding e l e c t r o n s . A c c e l e r a t i n g 
v o l t a g e s used were : 8,10,12,14,16,18,20,70 eV. Low r e s o l u t i o n was 
i n i t i a l l y used throughout. However, the m/e peak observed "at 26 f o r 
a c r y l o n i t r i l e was found to be of ambiguous o r i g i n ; t h i s was r e s o l v e d 
to be due to HCCH+" r a t h e r than CN +' u s i n g h igh r e s o l u t i o n . 
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3. 4 R e s u l t s and D i s c u s s i o n 
3.4.1 2 - C h l o r o a c r v l o n i t r i l e 
The c o r e - l e v e l s p e c t r a i n F i g u r e 3.1 show t y p i c a l C l s , C12p, Nls 
and O l s s p e c t r a corresponding to r f input power of 30W at an o p e r a t i n g 
3 -1 
p r e s s u r e of O.lmbar ( e q u i v a l e n t to a flow r a t e of 10.3cm g min ) . 
The O l s envelopes are ve r y s i m i l a r to those found f o r f l u o r o e t h y l e n e 
f i l m s , and w i l l not be c o n s i d e r e d f u r t h e r except f o r the c a l c u l a t i o n of 
the C:0 s t o i c h i o m e t r y . The C l s envelope, as d i s c u s s e d i n s e c t i o n 
3.3.2, c o n s i s t s of four main peaks - t h a t c e n t r e d a t 285.0 eV 
r e p r e s e n t i n g hydrocarbon or quaternary carbon environments, together 
w i t h t h r e e f u r t h e r components at 286.6, 288.0 and 289.2 eV. 
For a l l the polymers s t u d i e d i n t h i s Chapter t h e r e was evidence f o r 
a t l e a s t two n i t r o g e n environments, the second being c e n t r e d a t about 
400.8 eV, or 1.5 eV removed to a hi g h e r b i n d i n g energy. T h i s was f i r s t 
observed by Hiraoka and Lee f o r poly ( a l p h a - c h l o r o a c r y l o n i t r i l e ) on 
h e a t i n g , and was a t t r i b u t e d to opening of the carbon-nitrogen t r i p l e 
bonds of t h r e e neighbouring n i t r i l e u n i t s to form a s i x membered 
h e t e r o c y c l i c r i n g , thus g i v i n g r i s e to both s i n g l e and double 
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The l a t t e r were consequently thought to be r e s p o n s i b l e f o r the 
1.5 eV s h i f t observed. 
Although t h e r e i s no d i r e c t evidence f o r the presence of such 
six-membered r i n g s i n the polymer f i l m s s t u d i e d i n t h i s work, the 
plasma c o n t a i n s e l e c t r o n s of s u f f i c i e n t energy to break a t l e a s t one of 
the bonds i n the cyano group. The presence of the second peak at 400.8 
eV i s thus taken as evidence t h a t t h i s does occur. 
Two main s e r i e s of experiments were performed i n order to t e s t 
Yasuda's W/FM parameter - 1) v a r y i n g the i n d u c t i v e power s u p p l i e d t o 
the system f o r a given, f i x e d flow r a t e ; 2) i n c r e a s i n g the flow r a t e 
f o r a giv e n power. The plasma d e p o s i t i o n p r o c e s s f a l l s i n t o two 
c a t e g o r i e s . F i r s t l y , f o r a low flow r a t e and high power (high W/F) the 
system i s monomer d e f i c i e n t - i . e . t h e r e i s a high power input i n t o t h e 
system i n comparison to the a v a i l a b i l i t y of monomer. The second region 
i s the r e v e r s e of t h i s , and hence i s power d e f i c i e n t (low W/F) I f a 
graph i s drawn of d e p o s i t i o n r a t e a g a i n s t W/FM F i g u r e 3.2), then an 
i n c r e a s e i n the d e p o s i t i o n r a t e w i l l occur up to the point a t which the 
amount of power being put i n t o the system becomes the l i m i t i n g f a c t o r ; 
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FIGURE 3.2 Deposition Rate v e r s u s W/FM 
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Thus, r e s t r i c t i o n of e i t h e r monomer or power a v a i l a b i l i t y should 
a f f e c t the chemical composition of the plasma polymer formed. The 
experiments c a r r i e d out aimed t o t e s t t h i s i d e a . Table 3.1 and F i g u r e 
3.3 i l l u s t r a t e the atomic r a t i o s of c h l o r i n e , n i t r o g e n and oxygen 
v e r s u s carbon w i t h r e s p e c t to i n c r e a s i n g power f o r the IN COIL (as 
opposed to t a i l , or OUT OF COIL) region f o r f i l m s d e p o s i t e d from 
c h l o r o a c r y l o n i t r i l e . I n i t i a l l y , both c h l o r i n e and n i t r o g e n content 
d e c r e a s e d with r e s p e c t to carbon as W i n c r e a s e d from 10 to 40 w a t t s . 
T h i s h i g h e r power was a minimum f o r n i t r o g e n , the content of the f i l m 
w i t h r e s p e c t to carbon i n c r e a s i n g t h e r e a f t e r . I n c o n t r a s t , the 
c h l o r i n e content, although behaving s i m i l a r l y up t o 40W, then remained 
f a i r l y constant a t about 18 or 19 c h l o r i n e atoms per 100 carbon atoms. 
A comparison of the r e l a t i v e amounts of n i t r o g e n and c h l o r i n e v i a the 
r a t i o N/Cl showed t h a t , i n i t i a l l y , t h e r e was only a s l i g h t r i s e between 
7 and 20W and e f f e c t i v e l y no f u r t h e r i n c r e a s e u n t i l 50W, a t which p o i n t 
more n i t r o g e n was present i n the f i l m than c h l o r i n e . The oxygen 
content of the f i l m s rose throughout the s e r i e s . 
The above r e s u l t s can be e x p l a i n e d i n terms of the ease of 
e l i m i n a t i o n of both CI and N from c h l o r o a c r y l o n i t r i l e - a t low W/F, 
t h e r e i s l i t t l e e l i m i n a t i o n of c h l o r i n e m o i e t i e s and "only some 
e l i m i n a t i o n of n i t r o g e n ones; as the power i n c r e a s e s (such t h a t W/F 
i n c r e a s e s ) then a l a r g e r a v a i l a b i l i t y of power w i t h r e s p e c t to monomer 
en a b l e s more e x c i t a t i o n of monomer t o occur - and hence more 
e l i m i n a t i o n and d i s s o c i a t i o n , both of which reduce both the n i t r o g e n 
and c h l o r i n e content of the f i l m . As W was f u r t h e r i n c r e a s e d c h l o r i n e 
appeared to be p r e f e r e n t i a l l y e l i m i n a t e d , s i n c e the n i t r o g e n content of 
t h e f i l m i n c r e a s e d . The oxygen content probably r i s e s due to r e a c t i o n 
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w i t h a l a r g e r number of f r e e r a d i c a l s p e c i e s i n the f i l m s u r f a c e as the 
power i n c r e a s e s . Evidence t h a t uptake occurs d u r i n g the d e p o s i t i o n 
p r o c e s s was gained by the use of an i n e r t gas b l a n k e t over the sample 
du r i n g t r a n s f e r to the ESCA spectrometer. Comparison of r e s u l t s w i t h 
those obtained i n the absence of a n i t r o g e n b l a n k e t showed l i t t l e 
d i f f e r e n c e ( i f any) w i t h i n experimental e r r o r , s u g g e s t i n g uptake 
e f f e c t i v e l y does not occur during t r a n s f e r to the spectrometer. 
The s t o i c h i o m e t r y r e s u l t s can be compared to those obtained f o r 
the v a r i o u s C l s (Fig u r e 3.4a) and Nls envelopes (F i g u r e 3.5). The 
former shows t h a t , f o r low W/F i n c o i l , t h e r e i s a low hydrocarbon 
content, but a high number of environments o c c u r r i n g a t about 286.6 eV. 
S i n c e the oxygen content a t 7W i s ve r y low (See Table 3.1 and Graph 
3.3), t h i s suggests e i t h e r t h a t ( i ) th e r e a r e a l a r g e number of 
C ^ - C C l (CN) environments i n the plasma polymer, together w i t h i n t a c t 
n i t r i l e groups, or ( i i ) a l a r g e number of n i t r i l e groups "opened up" to 
g i v e -C=N-C- i n s t e a d of -CsN, and hence the c o n t r i b u t i o n of the former 
environments to the 286.6 eV peak i n the polymer has d r a m a t i c a l l y 
i n c r e a s e d (there a r e now two carbon-nitrogen environments f o r every one 
p r e v i o u s l y ) . T h i s can be checked by r e f e r e n c e to the Nls envelopes, 
which duly showed t h a t some n i t r i l e groups have undergone rearrangement 
( F i g u r e 3 .5). However, although the o v e r a l l t r e n d shows an i n c r e a s i n g 
amount of such rearrangement w i t h r e s p e c t to i n c r e a s i n g power ( s i m i l a r 
to the behaviour of a c r y l o n i t r i l e as seen by Munro and Grunwald), -C-N 
and -C=N environments account f o r l e s s than 30% of the t o t a l , hence 
probably only some 15-20% of the o r i g i n a l number of n i t r i l e groups 
underwent r e a c t i o n . T h i s cause alone i s t h e r e f o r e i n s u f f i c i e n t t o 
account f o r the s i g n i f i c a n t decrease i n the number of environments 
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found a t 286.6 eV between 7 and 40W. Rather the answer may be t h a t , a t 
lower power - such t h a t the system i s power d e f i c i e n t - the 
p o l y m e r i z a t i o n mechanism i n c l u d e s a s i g n i f i c a n t amount of f r e s h monomer 
r e a c t i n g w i t h f r e e r a d i c a l s or other a c t i v a t e d s p e c i e s on the f i l m 
s u r f a c e . The f a c t t h a t the amount of hydrocarbon p r e s e n t a t 285.0 eV 
pa s s e s through a maximum a t 40W could be taken as evidence t h a t (a) the 
-CH^-CCl(CN) environments present a t lower powers g i v e way to other 
hydrocarbon environments at 40W, (b) e l i m i n a t i o n of c h l o r i n e and 
n i t r o g e n environments occurs from the monomer i n the gas phase p r i o r to 
f i l m d e p o s i t i o n . Option (b) i s supported by the f a c t t h a t the 40W 
hydrocarbon maximum a l s o corresponds t o t h e n i t r o g e n and c h l o r i n e 
content minima. Obviously, any e l i m i n a t i o n of e i t h e r N, as CN' or HCN, 
or C I as C I " or HC1, w i l l cause a marked r e d u c t i o n i n the secondary 
s h i f t s seen not only by ad j a c e n t methylene groups ( p r e v i o u s l y to be 
found a t 286.6 eV) but a l s o the quaternary carbon to which both the 
c h l o r i n e and n i t r i l e groups were o r i g i n a l l y a t t a c h e d ( p r e v i o u s l y found 
a t 288.0 eV) . P o s s i b l e mechanisms of such e l i m i n a t i o n s have a l r e a d y 
been mentioned i n Chapter One and are reviewed l a t e r i n the s e c t i o n . 
The peak c e n t r e d a t 288.0 eV exhibited' a p p a r e n t l y e r r a t i c 
behaviour. Since t h i s peak i s i n d i c a t i v e of c a r b o n y l environments, an 
o v e r a l l s l i g h t i n c r e a s e i n t h e i r c o n t r i b u t i o n might be expected as the 
power i n c r e a s e s . However, i t i s b e l i e v e d to be the =CC1(CN) 
environments which are mainly r e s p o n s i b l e f o r t h i s peak; the e r r a t i c 
behaviour t h e r e f o r e suggests t h a t the number of such environments 
remaining i n t a c t i s a l s o e r r a t i c - an unexpected r e s u l t s i n c e the 
c h l o r i n e and n i t r o g e n contents go through minima, such t h a t the number 
of carbon-nitrogen and c a r b o n - c h l o r i n e environments might be expected 
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to show s i m i l a r behaviour. However, s i n c e s h i f t s i n ESCA a r e a d d i t i v e , 
the presence of a d j a c e n t C-Cl, C-CN, CC1-CN or even CC1 2 and C C l ^ 
groups i n the polymer f i l m c o u l d cause a number of environments to 
appear a t t h i s higher b i n d i n g energy. However, i n g e n e r a l t h e r e i s a 
rough c o r r e l a t i o n between the c a r b o n - c h l o r i n e s t o i c h i o m e t r y and the C l s 
environment a t 288.0 eV observed i n the plasma polymer f i l m s . 
For a l l the f i l m s a n a l y s e d the C12p r e g i o n was run before the 
carbon C l s s i n c e the C-Cl bond proved to be l a b i l e - i f the C12p 
spectrum was run second, t h i s r e s u l t e d i n degradation of the c h l o r i n e 
s i g n a l by some 10-20%, even though the e x t r a exposure time to the 
i n c i d e n t X-rays i n v o l v e d was only 6 minutes. 
A n a l y s i s of the C12p envelope r e v e a l e d t h a t , i n g e n e r a l , t h e r e was 
only one o r g a n i c c h l o r i n e environment pr e s e n t , c e n t r e d a t 200.4 eV and 
1/2 3/2 
w i t h two peak components due t o C l ( 2 p ) and C l ( 2 p ) . However, on 
o c c a s i o n t h e r e was evidence of a second environment to a lower b i n d i n g 
energy, though very s m a l l i n i n t e n s i t y . The chemical s h i f t suggests 
t h a t t h i s environment i s i n f a c t i o n i c i n nature, s i n c e i t i s too low 
to be c o v a l e n t , such t h a t c h l o r i d e i o n s were p r e s e n t i n the f i l m s . 
T h i s might be e x p l a i n e d by d i s s o c i a t i o n of the c a r b o n - c h l o r i n e bond to 
g i v e CI , probably v i a capture of a f r e e e l e c t r o n i n t o a" low l y i n g 
monomer o r b i t a l , or e l s e v i a e l e c t r o n attachment to c h l o r i n e atoms, 
although t h i s i s not c o n s i d e r e d to be the major fragmentation pathway. 
The above r e s u l t s and d i s c u s s i o n have c e n t r e d f i l m s formed i n the 
c o i l r e g i o n of the plasma. S u b s t r a t e s were a l s o p l a c e d some 18cm 
downstream from the c o i l i n the t a i l region where they were encompassed 
by the glow volume only at high power input such t h a t i t i s l i k e l y t h a t 
t h e plasma polymers d e p o s i t e d d i d not r e l y s o l e l y on s p e c i e s produced 
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" i n s i t u " i n the glow region, but r a t h e r on t h e s e a c t i v e s p e c i e s being 
swept downstream by the flow r a t e of the monomer, t o g e t h e r w i t h t h e i r 
d i s s o c i a t i o n products and any other s p e c i e s a c t i v a t e d i n the t a i l 
r e g i o n i t s e l f by e l e c t r o n impact. I n g e n e r a l , t h e h i g h e s t e l e c t r o n 
energy d i s t r i b u t i o n f u n c t i o n i n a plasma - and hence d e p o s i t i o n r a t e -
i s found i n and around the inductance c o i l i t s e l f , s i n c e t h i s i s where 
the most r f power i s d e l i v e r e d . 
'A comparison of r e s u l t s f o r the i n c o i l r e g i o n w i t h those of the 
t a i l r e g i o n w i t h r e s p e c t to f i l m s t o i c h i o m e t r y showed opposite t r e n d s 
o c c u r r i n g f o r both n i t r o g e n and, e s p e c i a l l y , c h l o r i n e content, F i g u r e 
3.3. Each went through a maximum (CI a t 20W, N a t 40W - i . e . where, i n 
c o i l , i t went through a minimum) . At low power (7W) the amount of 
c h l o r i n e e l i m i n a t e d from the t a i l r e gion i s v e r y h i g h compared to t h a t 
i n c o i l , where the f i l m s r e t a i n e d v i r t u a l l y a l l t h e i r c h l o r i n e content. 
The N:C1 r a t i o , e f f e c t i v e l y the same a t 7 and 62W, dropped d r a m a t i c a l l y 
a t 20W to a minimum, i n c r e a s i n g s h a r p l y again a t 30W to a maximum a t 
50W. Again, t h i s behaviour i s i n marked c o n t r a s t t o t h a t found i n the 
c o i l r e g i o n . Looking at the hydrocarbon content of the C l s envelope 
( F i g u r e 3.4b), i t s behaviour i s approximately t h e opposite to t h a t 
observed i n c o i l , dropping from a high a t 7W to a minimum a t 20W ( i n 
tune w i t h the maximum i n c h l o r i n e content) before i n c r e a s i n g again to a 
steady v a l u e of about 41%. S i m i l a r l y , where i n c o i l the 286.6 peak 
showed a minimum at about 40W, the t a i l r e g i o n peak went though a 
maximum at 30W. However, the 288.0 eV peak was l e s s e r r a t i c , showing a 
maximum a t 20W. Thus, both the hydrocarbon and 286.6 eV environment 
t r e n d s appear t o be c l o s e l y l i n k e d to t h a t of the c h l o r i n e content. 
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T h i s i s again c o n s i s t e n t w i t h the arguments o u t l i n e d above f o r 
e l i m i n a t i o n of c h l o r i n e and n i t r o g e n m o i e t i e s , the former i n p r e f e r e n c e 
to t h e l a t t e r . Chapter 4 suggests t h a t f r e e r a d i c a l s are mainly 
r e s p o n s i b l e f o r f i l m d e p o s i t i o n , s i n c e the i n t r o d u c t i o n of i o d i n e i n t o 
the system not only l a r g e l y quenches the glow reg i o n , but e f f e c t i v e l y 
i n h i b i t s plasma p o l y m e r i z a t i o n from o c c u r r i n g o u t s i d e what l i t t l e glow 
r e g i o n remains. T h i s l a t t e r i n f o r m a t i o n can be i n t e r p r e t e d i f the 
plasma p o l y m e r i z a t i o n mechanism i n v o l v e s the mo l e c u l a r e l i m i n a t i o n of 
HCN and HC1 to give the corresponding a c e t y l e n e s , which i n t u r n g i v e 
r i s e t o C^X + H r a d i c a l s (X = C I or CN) , together with atomic 
e l i m i n a t i o n of H, CI and CN from the monomer. Assuming t h a t these 
p r o c e s s e s occur p r i n c i p a l l y i n the gas phase, then f i l m d e p o s i t i o n can 
occur v i a a f r e e r a d i c a l mechanism i n v o l v i n g c o n v e n t i o n a l 
p o l y m e r i z a t i o n of monomer and a c e t y l e n i c molecules, together with 
c h a i n growth both promoted and terminated by the other f r e e r a d i c a l 
s p e c i e s p r e s e n t i n the plasma (see chapter 5 f o r a f u l l e x p l a n a t i o n ) . 
I I V a r i a b l e Flow Rate 
A l t e r i n g the flow r a t e , F, of the monomer has s e v e r a l e f f e c t s on a 
plasma system: (1) i n c r e a s i n g F de c r e a s e s W/FM so t h a t , foif high flow 
r a t e c o n d i t i o n s , the system moves away from being monomer d e f i c i e n t to 
power d e f i c i e n t ; (2) the p r e s s u r e of the system tends to i n c r e a s e , i n 
t u r n i n c r e a s i n g the number of molecule-molecule and e l e c t r o n - m o l e c u l e 
c o l l i s i o n s ( s i n c e the mean f r e e path of the system has been reduced) ; 
(3) the average r e s i d e n c e time of a given molecule i n the c o i l region, 
and i n the r e a c t o r i n g e n e r a l , i s reduced. A l s o , s i n c e the s h o r t e r 
r e s i d e n c e time i s the r e s u l t of an i n c r e a s e d average flow v e l o c i t y , 
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s p e c i e s a c t i v a t e d upstream (and i n c o i l i n p a r t i c u l a r ) w i l l flow 
f u r t h e r downstream than p r e v i o u s l y / s i n c e t h e i r l i f e t i m e s w i l l remain 
l a r g e l y u n a l t e r e d except perhaps by the i n c r e a s e d chances of 
c o l l i s i o n a l d e a c t i v a t i o n . 
The e f f e c t of p r e s s u r e i n the d e p o s i t i o n chamber was i n v e s t i g a t e d 
f o r a f i x e d monomer flow input by s y n t h e s i s i n g a s e r i e s of f i l m s u s i n g 
a c o n s t a n t 6W power and f i x e d flow r a t e of monomer throughout. The 
system p r e s s u r e was a l t e r e d from 0.05mb to O.lmb, i n s t e p s of O.Olmb, 
by a l t e r i n g the pumping e f f i c i e n c y of the system ( t h i s was ac h i e v e d by 
u s i n g the Young's tap between the r e a c t o r chamber and c o l d t r a p t o 
r e s t r i c t the flow r a t e out of the system as n e c e s s a r y , and hence i t s 
p r e s s u r e ) . The r e s u l t s . F i g u r e 3.6, showed t h a t the o v e r a l l 
s t o i c h i o m e t r y a l t e r e d s l i g h t l y throughout t h e s e r i e s . However, the 
percentage change i n atomic r a t i o s was 10-15%, i e w i t h i n the expected 
experimental e r r o r found f o r the system. The C l s envelope f o r the i n 
c o i l r e g i o n showed an i n c r e a s e i n the c o n t r i b u t i o n from the component 
c e n t r e d a t 287.5 eV with i n c r e a s i n g p r e s s u r e , l i k e l y t o r e s u l t from a 
hi g h e r c h l o r i n e content of the f i l m w i t h r e s p e c t to carbon, and so 
complementing the s l i g h t i n c r e a s e i n the l a t t e r observed f o r the CI / C 
r a t i o noted a t 0.09 and 0.1 mb. Hence, a t l e a s t f o r the i n c o i l 
r e g i o n , the chemical composition of the f i l m does appear to be a f f e c t e d 
by an i n c r e a s e i n p r e s s u r e i n the system. A s i m i l a r t r e n d was not 
d i s c e r n i b l e i n the C l s envelope f o r the f i l m d e p o s i t e d out of c o i l , 
although a high c h l o r i n e content a t 0.1 mb was matched by a sudden 
i n c r e a s e i n the 287.5 eV component. F u r t h e r evidence f o r such a 
p r e s s u r e e f f e c t was found i n the v a r i a t i o n of chemical composition of 
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plasma polymers d e p o s i t e d u s i n g d i f f e r i n g monomer flow r a t e s i n t o the 
system, s i n c e an i n c r e a s e i n F was found a l s o to i n c r e a s e the p r e s s u r e . 
O v e r a l l , the e x i s t e n c e of a p r e s s u r e e f f e c t i n the f i l m d e p o s i t i o n 
p r o c e s s would suggest a r o l e f o r c o l l i s i o n a l d e a c t i v a t i o n p r o c e s s e s i n 
plasma p o l y m e r i z a t i o n . T h i s i n t u r n would i n d i c a t e t h a t the mechanism 
i n v o l v e s v i b r a t i o n a l l y e x c i t e d ground s t a t e s (which a r e e a s i l y 
d e a c t i v a t e d by c o l l i s i o n ) caused by i n i t i a l e l e c t r o n impact e x c i t a t i o n 
of, f o r example, a s i n g l e t s t a t e t h a t then undergoes i n t e r s y s t e m 
c r o s s i n g , Evidence t h a t such v i b r a t i o n a l l y e x c i t e d ground s t a t e s can 
g i v e r i s e t o t h i n f i l m formation i s found i n the f a c t t h a t plasma 
p o l y m e r - l i k e m a t e r i a l s can be obtained v i a s u r f a c e photopolymerization. 
S i n c e the mechanism of t h i n f i l m formation i n the l a t t e r i s b e l i e v e d to 
i n v o l v e such a ground s t a t e (see chapter 5 ) , then a s i m i l a r i t y i n the 
d e p o s i t i o n mechanisms between the two systems can be i n f e r r e d . 
The v a r i a t i o n of c h l o r i n e and n i t r o g e n content of the plasma 
polymer f i l m s w i t h i n c r e a s i n g flow r a t e can be seen i n F i g u r e 3.8, 
which shows t h a t both contents i n c r e a s e o v e r a l l w i t h F, both i n c o i l 
and i n the t a i l r egion. The oxygen content of the f i l m d e c r e a s e s , 
probably r e f l e c t i n g the reduced r a t i o w i t h r e s p e c t to t h e number of 
monomer molecules p r e s e n t i n the d e p o s i t i o n chamber a t higher flow 
r a t e , and hence the decreased chance of i n c o r p o r a t i o n i n t o the polymer 
f i l m as i t i s formed. The f o l l o w i n g trends were observed : 
( i ) both c h l o r i n e and ni t r o g e n contents ( i n and out of c o i l 
r e s p e c t i v e l y ) appeared to go through a minimum at mid flow r a t e ; 
( i i ) t he c h l o r i n e content out of c o i l was l e s s than t h a t i n c o i l ; 
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( i i i ) a t low flow r a t e t h e r e was some evidence f o r a second 
(presumably i o n i c ) environment i n the C12p envelope; t h i s was seen only 
f o r the lowest flow r a t e used; 
( i v ) a study of the N/Cl r a t i o (Table 3.2) shows t h a t e r r a t i c 
behaviour o c c u r r e d i n c o i l , w h i l s t out of c o i l a maximum was found f o r 
3 
a flow r a t e of some 2-3cm (STP)/min. Although the a b s o l u t e flow r a t e s 
measured (u s i n g an XY recorder) w i l l have been i n a c c u r a t e to some 
ex t e n t due t o the method used, i t i s the r e l a t i v e t r e n d s which a r e 
important. A v a r i a t i o n of elemental composition of the f i l m w i t h 
r e s p e c t t o flow r a t e i s thus shown f o r c h l o r o a c r y l o n i t r i l e , s i n c e the 
o v e r a l l percentage changes a re e i t h e r i n e x c e s s of 50-100% or e l s e 
h a r d l y a t a l l . Examination of the C l s envelope supports t h i s , 
p a r t i c u l a r l y f o r the i n c o i l region, the o v e r a l l t r e n d s being shown i n 
Table 3.3. 
Thus, f o r c h l o r o a c r y l o n i t r i l e a t l e a s t , t h e r e i s a dependence of 
the chemical nature of the plasma polymer f i l m s on both the power input 
to the system and on the flow r a t e of the monomer. Furthermore, the 
t r e n d f o r the n i t r o g e n content i n the c o i l r egion v a r i e s w i t h power i n 
a s i m i l a r way to t h a t observed i n a c r y l o n i t r i l e plasma polymers, 
s u g g e s t i n g t h a t t h e r e may be a s t r u c t u r a l cause f o r the observed 
f i n d i n g s . Of p a r t i c u l a r i n t e r e s t a r e the e x c i t e d s p e c i e s i n v o l v e d i n 




BE/eV Trend % Change Between Extremes 
285.0 General Decrease 65 
286.6 Maximum 29 
288.0 General I n c r e a s e 83 
OUT OF COIL 
285.0 E r r a t i c Behaviour 26 
286.6 L i t t l e Change 12 
288.0 I n i t i a l I n c r e a s e Only 53 
TABLE 3.3 
V a r i a b l e S e r i e s - C l s Envelopes 
Chapter One made r e f e r e n c e to s e v e r a l f a c t o r s t h a t should 
i n f l u e n c e or even c o n t r o l the p o l y m e r i z a t i o n p r o c e s s , namely ( i ) the 
p o s s i b l e nature of the e x c i t e d s p e c i e s i n v o l v e d , e s p e c i a l l y w i t h 
r e s p e c t t o ( i i ) the thermochemistry and p o s s i b l y symmetry c o n t r o l of 
the d i s s o c i a t i o n fragments and p a t t e r n s . A s e a r c h of the " l i t e r a t u r e 
r e v e a l s t h a t , f o r e l e c t r o n i c a l l y e x c i t e d s t a t e s (as opposed to i o n s ) of 
e t h y l e n e s , the use of Rydberg, as w e l l as v a l e n c e s h e l l , o r b i t a l s can 
occur, the d i s s o c i a t i o n of which can gi v e r i s e t o molecul a r e l i m i n a t i o n 
9 10 
of HX and to b i r a d i c a l s of the type :C=CXY and X*C=C*Y. ' The l a t t e r 
immediately r e a r r a n g e s to the r e s p e c t i v e ethyne, the former - being a 
3 
B^ t r i p l e t - rearranges more sl o w l y ( t y p i c a l l y r e q u i r i n g c o l l i s i o n a l 
d e a c t i v a t i o n to the ^ "A s t a t e as an interm e d i a t e step) ^  and hence might 
81 
be a b l e to undergo t y p i c a l r a d i c a l r e a c t i o n s - and hence p a r t i c i p a t e i n 
polymer formation. Both rearrangements could account f o r the l a r g e 
amount of e t h y n i c compounds which a r e oft e n seen as by products of the 
plasma p o l y m e r i z a t i o n p r o c e s s . 1 Indeed, Yasuda, 1 and othe r workers 
c o n s i d e r e d t h a t ethyne was an important p r e c u r s o r f o r p o l y m e r i z a t i o n , 
12 
C l a r k and Shuttleworth suggesting t h a t e l i m i n a t i o n of HF from the 
r a d i c a l c a t i o n CF 2=CH 2 +" to give HC=CH+' was the important step p r i o r 
to the a c t u a l p o l y m e r i z a t i o n p r o c e s s . Both Chapters One and Two argued 
a g a i n s t the importance of the r a d i c a l c a t i o n , but not of the p o s s i b l e 
importance of ethyne as a p r e c u r s o r to f i l m formation. ESCA data 
p r e s e n t e d so f a r i n t h i s Chapter suggest t h a t e l i m i n a t i o n of HC1 should 
occur p r e f e r e n t i a l l y , and t h i s has indeed been observed f o r the 
e l e c t r i c a l glow d i s c h a r g e of c h l o r o a c r y l o n i t r i l e t o g i v e cyanoethyne, 
7 
HC=CCN. However, e l i m i n a t i o n of HCN was a l s o expected. S i n c e l i t t l e 
was known about the a c t u a l fragmentation pathways of 
c h l o r o a c r y l o n i t r i l e i o n s , an in-house mass s p e c t r o m e t r i c i n v e s t i g a t i o n 
was undertaken t o probe the matter f u r t h e r . 
I l l Mass Spec t r o m e t r i c I n v e s t i g a t i o n 
2 - c h l o r o a c r y l o n i t r i l e mass s p e c t r a were run on a VG A n a l y t i c a l 
machine equipped w i t h a Winchester Disk D r i v e System. Output of 
r e s u l t s was i n both g r a p h i c and t a b u l a r form. I n c r e a s i n g i n c i d e n t 
e l e c t r o n e n e r g i e s were used to study the ( i n c r e a s i n g l y complex) 
fragmentation p a t t e r n s . The e n e r g i e s quoted a r e approximate, but 
w i t h i n + 0.5 eV (see Mass Sp e c t r a Sequence A). 
At the i o n i s a t i o n p o t e n t i a l , only the molecular i on peaks due to 
the two c h l o r i n e i s o t o p e s are v i s i b l e (10-11 eV) . However, on r a i s i n g 
82 
the e l e c t r o n energy to 12 eV the r a d i c a l c a t i o n fragment C^H^N appeared 
(m/e 52), i n d i c a t i v e of C-Cl bond s c i s s i o n (A2) . There was no s i g n of 
any m/e 26 peak u n t i l 14+ eV, together w i t h m/e peaks a t 60 and 62. 
The former was found by a high r e s o l u t i o n technique to be due t o 
a c e t y l e n e , w h i l s t a peak at m/e 27 would be i n d i c a t i v e of e l i m i n a t i o n 
of HCN. S i m i l a r l y , a peak a t m/e 51 due to C^HN shows t h a t e l i m i n a t i o n 
of HC1 a l s o o c c u r s . The q u e s t i o n a r i s e s as to whether e l i m i n a t i o n s a r e 
s t e p w i s e or molecular i n nature. The absence of peaks a t m/e 61 and 63 
a t t h i s energy (14 eV) suggests t h a t the fragmentation pathway f o r l o s s 
of HCN i s not s t e p w i s e , otherwise scheme 1 would occur : 
-CN-
[CH 2CC1(CN)] +" > [CH 2CC1] +" > [CHCC1] +* 
m/e 87, 89 m/e 61/63 m/e 60/62 
Scheme 1 
Rather, molecular e l i m i n a t i o n seems more l i k e l y , the r e s u l t i n g 
-10 
d i r a d i c a l r a p i d l y r e a r r a n g i n g (<10 s) to the c h l o r o a c e t y l e n e : 
-HCN 
CH 2CC1(CN) > [CHCC1] > [HCCC1] +" 
Scheme 2 
I t i s not u n t i l an e l e c t r o n energy of 20 eV t h a t m/e 61 appears, 
w h i l s t both m/e 61 and 63 are both c l e a r l y v i s i b l e a t 70 eV. T h i s 
suggests t h a t molecular e l i m i n a t i o n of HCN occurs a t a lower e l e c t r o n 
+ 
energy (14 eV, scheme 2) than the stepwise e l i m i n a t i o n of CN* and H 
(20+ eV, scheme 1 ) . Note a l s o t h a t the presence of peaks a t m/e 86 and 
85 i n the 70eV spectrum a r e compatible with the e l i m i n a t i o n of H and H^ 
from the molecular i o n r e s p e c t i v e l y , w h i l s t the peak a t m/e 26 c o u l d 
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p o s s i b l y a l s o be due t o (molecular) e l i m i n a t i o n of C1CN to g i v e the 
d i r a d i c a l ( H ^ C ^ ) * ' - . A precedence f o r t h i s has been seen i n the l o s s 
of C1CN and FCN i n the e l e c t r i c a l d i s c h a r g e s of compounds c o n t a i n i n g 
7 halogens, carbon and n i t r o g e n . 
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The fragmentation p a t t e r n a t 14 eV shows the presence of peaks a t 
both m/e 51 and 52, as w e l l as m/e 53. The f i r s t of t h e s e (m/e 51) 
c o u l d correspond to cyanoacetylene, HCCCN. The peak a t m/e 52 has 
a l r e a d y been a s s i g n e d to ( C ^ ^ N ) * ' , r e s u l t i n g from the l o s s of C I " from 
the parent molecule, and i s by f a r the most abundant i o n i n the 
spectrum. Hence, f u r t h e r l o s s of H to g i v e the a c e t y l e n e i s p o s s i b l e 
here, w h i l s t a d d i t i o n of H to g i v e a c r y l o n i t r i l e , (CH 2CHCN) +", might be 
r e s p o n s i b l e f o r the peak a t m/e 53. 
A c r y l o n i t r i l e and m e t h a c r y l o n i t r i l e were a l s o s t u d i e d as a 
f u n c t i o n of i n c r e a s i n g e l e c t r o n i n c i d e n t energy. For a c r y l o n i t r i l e , 
Sequence B, the onset of fragmentation o c c u r r e d a t above about 10 eV 
such t h a t , a t 12 eV. the p r i n c i p l e fragments a r e C 2 H 2 (m/e 26) and l o s s 
of H to g i v e C 3HN (m/e 51) probably a3 [CH 2CCN] +'. 15 eV showed the 
presence of f u r t h e r peaks a t m/e 27 and 28, which become more 
pronounced a t 20 eV. These c o u l d be due to l o s s of CN to g i v e C2^3+ 
+ 13 + (HCN i s thermodynamically l e s s p r e f e r a b l e ) and formation of CI^N 
r e s p e c t i v e l y . By the time the e l e c t r o n energy i s i n c r e a s e d to 70 eV, 
the m/e 26 peak i s more abundant than the m o l e c u l a r i o n peak w i t h 
s m a l l , but not i n s i g n i f i c a n t , i o n peaks o c c u r r i n g a t m/e 36, 37, 38 and 
39. Note here an immediate d i f f e r e n c e between a c r y l o n i t r i l e and 
c h l o r o a c r y l o n i t r i l e - whereas the l a t t e r p r e f e r e n t i a l l y fragments C I * 
to g i v e [CH 2CCN] +', a c r y l o n i t r i l e appears to f a v o u r l o s s of HCN a t 
h i g h e r e n e r g i e s to g i v e a c e t y l e n e . T h i s occurs v i a molecular 
e l i m i n a t i o n and/or l o s s of H ( i n d i c a t e d by the s t r o n g peak a t m/e 52) 
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e i t h e r [H.CCHCN] + . [H 2CCCN] t .• HCCHJ > > 
-H' 
[HCCHCN] > HCCH .+ or > 
M e t h a c r y l o n i t r i l e a l s o fragments, Sequence C, to gi v e an i o n peak 
at m/e 26, but not u n t i l about 15 eV. I f molecular e l i m i n a t i o n o c c u r s 
here, the l o s s of e i t h e r HCN, CH^ or MeCN would be seen, corresponding 
to r e s u l t a n t fragments HCCMe (m/e 40), HCCCN (m/e 51) and HCCH (m/e 26) 
r e s p e c t i v e l y a f t e r subsequent rearrangement. The l a s t of the s e i o n 
peaks i s observed; formation of a c e t y l e n e v i a l o s s of MeCN i s t h e r e f o r e 
p o s s i b l e . However, the appearance of m/e 41, a l s o a t 15 eV and 
corresponding to [H^CCMe]" +, suggests t h a t l o s s of CN'also o c c u r s . 
A l t e r n a t i v e l y , m/e 41 could be a t t r i b u t e d t o the fragment C2H^N+. 
Molecular O r b i t a l c a l c u l a t i o n s show t h a t t h i s fragment i s more s t a b l e 
than C^H 5 + by over 2 eV, and so i s the fragment proposed by W i l l e t t and 
Baer, who s i m i l a r l y proposed t h a t f o r both m e t h a c r y l o n i t r i l e , and a l l y l 
cyanide, m/e 39 corresponds to C^HN*. 
O v e r a l l , W i l l e t t and Baer examined the thermochemistry and 
d i s s o c i a t i o n dynamics of four n i t r o g e n c o n t a i n i n g compounds : metha-
c r y l o n i t r i l e , p y r r o l e , c y c l o p r o p y l cyanide and a l l y l cyanide, a l l 
13 
s t r u c t u r a l isomers of C^H^N. The o v e r a l l p o s s i b l e fragmentation 
p r o c e s s e s a r e given i n Table 3.4, w i t h a l i s t of appearance p o t e n t i a l s 
f o r the v a r i o u s ions i n Table 3.5. The energy range c o n c e n t r a t e d on 
was 8-14 eV, the r e s u l t s of which f o r m e t h a c r y l o n i t r i l e a r e pr e s e n t e d i n 
Table 3.11. Van T h u i j l e t a l have a l s o examined the c o l l i s i o n induced 
d i s s o c i a t i o n of b u t y r o n i t r i l e and c r o t o n i t r i l e . Both were found t o 
89 
produce an i o n peak a t m/e 41, thought, once again, to correspond to 
Jcetenimine (1+) . 
I n the cas e of the C 4 H,.N compounds, a l l four r e a c t i o n r a t e s f o r 
C 4H 5N + — > C 2H 3N + + C 2 H 2 (1) 
were found to be i d e n t i c a l . T h i s was i n t e r p r e t e d i n terms of a l l four 
isomers r e a r r a n g i n g to the common p r e c u r s o r before fragmentation, 
though t h i s i s thought to occur only i n the metastable energy range 
(12.9' - 13.4 eV) - a t higher e n e r g i e s the fragmentation r e a c t i o n s 
13 
probably d i r e c t l y compete with any i n i t i a l I s o m e n z a t i o n pathways. 
S t a t i s t i c a l theory c a l c u l a t i o n s are c o n s i s t e n t with the assumption t h a t 
13 
t h i s i s o m e r i z e d p r e c u r s o r has a p y r r o l e s t r u c t u r e . 
70eV 
C 4H 5N + > C 2H 3N + + C 2 H 2 (1) 
C.H* + HCN (2) 3 4 
C 2H 2N + + C 2 H 3 (3) 
C 3 H 3 + + CH 2N (4) 
C 2H 2N + + C 3 H 3 (5) 
8-14eV 
C „ H C N + > CilHi,N+ + H (6) 
4 5 4 4 
C 3H 2N + + CH 3 (7) 
C 2 H 3 + + ° 2 H 2 N ( 8 > 
TABLE 3.4 P o s s i b l e Fragmentation P r o c e s s e s of S t r u c t u r a l Isomers 
of C.H^N. 
90 
COMPOUND ION FRAGMENTS 
C x H > . N + 4 4 C,H„N + 3 2 C 2H 3N
+ 
C 3 H 4 + C 3 H 3 + CH 2N
+ 
C 2 H 3 + 
PYRROLE 12.85 12.5 11.75 12.00 12.60 12.40 13.60 
CH2CMeCN 12.55 12.20 11. G5 11.75 12.30 12.05 13.20 
CH CHCN 12.30 12.05 11.10 11.50 12.10 11.90 12.90 
NOTE : Appearance e n e r g i e s i n eV. 
TABLE 3.5 Appearance P o t e n t i a l s f o r V a r i o u s Ions of C^H^N. 
[CH 2=C=NH] +. The i m p l i c a t i o n s of t h i s f o r plasma p o l y m e r i z a t i o n are 
v a r i o u s - i n p a r t i c u l a r the above mass s p e c t r o m e t r i c s t u d i e s show t h a t 
( i ) some 12+ eV are r e q u i r e d to cause formation and fragmentation of 
io n s i n the spectrometer - and hence presumably a l 3 o i n the plasma; and 
( i i ) i o n fragmentation occurs v i a d i s s o c i a t i o n pathways i n v o l v i n g much 
rearrangement. Thus, any involvement of i o n s i n the p o l y m e r i z a t i o n 
p r o c e s s w i l l cause d e p o s i t i o n of a f i l m somewhat d i f f e r e n t from t h a t 
expected v i a " c o n v e n t i o n a l " p o l y m e r i z a t i o n . 
3.4.2 M e t h a c r v l o n i t r i l e 
The s u b s t i t u t i o n of the c h l o r i n e moiety found i n c h l o r o a c r y l o -
n i t r i l e by a methyl group t o g i v e m e t h a c r y l o n i t r i l e changes the 
r e l a t i v e molecular mass, M - hence d i f f e r i n g behaviour between the two 
analogues should occur f o r the same c o n d i t i o n s of W/F. I n order to 
t e s t t h i s t h r e e s e r i e s of experiments were performed, examining the 
e f f e c t s of power and flow r a t e on the chemical composition of 
m e t h a c r y l o n i t r i l e plasma polymers. 
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I . V a r i a b l e Power 
The i n f l u e n c e of power i n the range 3-65W was s t u d i e d a t two 
d i f f e r e n t flow r a t e s - 0.42 + 0.06 c c (STP) min 1 and 1.3 + 0.25 c c 
(STP) min \ The r e s u l t s are presented i n g r a p h i c a l form ( F i g u r e s 
3.10 to 3.15). 
R e s u l t s f o r F=l.3 c c min ^ showed l i t t l e d i f f e r e n c e i n behaviour 
of the n i t r o g e n content (as shown by the C:N r a t i o ) f o r the i n - c o i l and 
t a i l r e g i o n s , both showing a minimum a t 17W, w h i l s t the amount of 
oxygen i n c o r p o r a t e d was g r e a t e r i n c o i l , probably r e f l e c t i n g the 
c r e a t i o n of a higher degree of unquenched f r e e r a d i c a l s i t e s i n t h i s 
p o s i t i o n compared to the f i l m d e p o s i t e d i n the t a i l r e g i o n . The 
o v e r a l l oxygen and n i t r o g e n content of the f i l m s d e p o s i t e d a t 0.42 c c 
min ^ monomer flow r a t e i s g r e a t e r than a t 1.3 c c min *. The former 
was expected, s i n c e the observed l e a k r a t e was s i m i l a r i n both c a s e s , 
such t h a t t h e r e was a higher c o n c e n t r a t i o n of oxygen molecules i n the 
plasma a t 0.42 than a t 1.3 CC (STP) min 1 , l e a d i n g to a higher l e v e l of 
i n c o r p o r a t i o n of oxygen i n the polymer f i l m . The N:C r a t i o showed 
l i t t l e d i f f e r e n c e between the two regions f o r e i t h e r flow r a t e u n t i l 
high power, when ( f o r 0.42 c c (STP) min 1 ) a maximum o c c u r r e d a t 52W, 
f o l l o w e d by a sharp drop a t 63W. T h i s c o n t r a s t s to the behaviour f o r 
high flow r a t e which saw l i t t l e change over the whole power range. 
I n the C l s envelopes ( F i g u r e s 3.11 and 3.14), the absence of a 
c h l o r i n e f u n c t i o n a l i t y reduces the c o n t r i b u t i o n from the 287.8 eV peak, 
p r e v i o u s l y due to C1-C.-CN and C=0, but now due to c a r b o n y l alone. T h i s 
peak, t o g e t h e r with t h a t a t 289.2 eV {-CO^-) appears t o account f o r the 
m a j o r i t y of the oxygen content. The hydrocarbon and quaternary carbon 
environments ( c e n t r e d a t 285.0 eV) show some d i f f e r e n c e i n behaviour 
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between the two flow r a t e s e r i e s , w i t h t h a t a t 0.42 c c (STP) min 1 
being somewhat e r r a t i c , t h a t a t 1.3 c c (STP) min 1 e x h i b i t i n g a maximum 
at 17W corresponding to the minimum i n the n i t r o g e n content obtained by 
elem e n t a l s t o i c h i o m e t r y a n a l y s i s , and hence probably due to the 
r e s u l t a n t h i g h e r number of carbon atoms i n the f i l m not d i r e c t l y bonded 
to e i t h e r n i t r o g e n or oxygen. The 286.6 eV peak - corresponding mainly 
t o C-N, C=N, C=N and C-0 environments, a l s o showed a d i f f e r e n c e between 
the two flow r a t e s e r i e s . I n p a r t i c u l a r , the hi g h e r flow r a t e caused a 
much'higher c o n t r i b u t i o n a t 286.6eV f o r lower powers (3, 10W), dropping 
to a minimum a t 17W (again corresponding to the minimum i n o v e r a l l 
n i t r o g e n content) before r i s i n g a gain to a p l a t e a u of 32-34% of the 
o v e r a l l C l s envelope between 27-63W. I n c o n t r a s t , a t 0.42 c c (STP) 
min \ a maximum occurs a t only 10W, the percentage c o n t r i b u t i o n to the 
t o t a l C l s envelope being c o n s i s t e n t l y l e s s throughout. 
The Nls envelopes ( F i g u r e s 3.12 and 3.15) showed o v e r a l l e r r a t i c 
behaviour w i t h r e s p e c t to the two peak components. The peak 
s e p a r a t i o n , a t 1.3 eV, was l e s s than t h a t observed f o r c h l o r o a c r y l o -
n i t r i l e (average 1.5eV), p o s s i b l y due to the i n f l u e n c e of methyl groups 
a d j a c e n t t o n i t r i l e groups i n the system r a t h e r than e l e c t r o n e g a t i v e 
c h l o r i n e s u b s t i t u e n t s . More s u r p r i s i n g was the o c c a s i o n a l l y h igh 
c o n t r i b u t i o n from the hi g h e r b i n d i n g energy component - f o r example, a t 
10W the c o n t r i b u t i o n from both N ls peaks i s approximately e q u a l , 
showing t h a t t h e r e i s a ve r y much higher r e a c t i o n of the carbon -
n i t r o g e n t r i p l e bond to g i v e -N-C and -N=C- environments. T h i s 
demonstrates the importance of the Nls envelope as a source of 
in f o r m a t i o n s i n c e the C l s envelope alone i s thus demonstrated to be 
unable to d i f f e r e n t i a t e between C-N and C=N environments i n the f i l m s . 
O v e r a l l , a study of m e t h a c r y l o n i t r i l e over the power range 0 to 
65W a t two d i f f e r e n t flow r a t e s shows both s i m i l a r i t i e s and d i f f e r e n c e s 
between the two s e t s of r e s u l t s . I n p a r t i c u l a r , the e f f e c t of h i g h e r 
power input to the system appears more marked than the i n c r e a s e i n flow 
r a t e - u n s u r p r i s i n g , s i n c e 65W i s almost a 22 f o l d i n c r e a s e over the 
lowest power s e t t i n g used (3W), whereas the i n c r e a s e i n flow r a t e was 
only t h r e e f o l d . Hence the parameter W/F i s power dominated. 
D i f f e r e n c e s between the nature of the f i l m s produced i n the c o i l and 
t a i l r e g i o n s once again show t h a t the balance of s p e c i e s l e a d i n g to 
d e p o s i t i o n i n each case probably d i f f e r s - presumably as a r e s u l t of 
the change i n the e l e c t r o n energy d i s t r i b u t i o n of the system, which i n 
t u r n c o n t r o l s the n a ture of the e x c i t e d s t a t e , and hence d e p o s i t i n g , 
s p e c i e s formed i n the gas phase. These w i l l i n c l u d e i o n s and e x c i t e d 
s t a t e s ( a c c e s s e d v i a e l e c t r o n impact); the fragmentation p a t t e r n s of 
t h e s e w i l l g i v e r i s e to, amongst o t h e r s s p e c i e s , r a d i c a l s p e c i e s . 
O v e r a l l , the i n f l u e n c e of M i n W/FM i s f e l t i n a) the d i f f e r i n g 
nature of the thermodynamics of the system, b) the e x a c t nature of the 
e x c i t e d s t a t e s p e c i e s and d i s s o c i a t i o n pathways found, c) the k i n e t i c s 
and d e p o s i t i o n r a t e of t h e system, s i n c e t h e s e are o b v i o u s l y dependent 
on the monomer used. The d i f f e r e n c e s between the plasma p'olymers of 
c h l o r o - and m e t h a c r y l o n i t r i l e a r e thus a t t r i b u t a b l e t o the s u b s t i t u e n t 
e f f e c t of changing the c h l o r i n e atom i n CH^CCICN f o r a methyl group. 
I n p a r t i c u l a r , whereas the gas phase chemistry of c h l o r o a c r y l o n i t r i l e 
appears to be dominated by the presence of a c h l o r i n e atom d i r e c t l y 
a t t a c h e d t o an u n s a t u r a t e d carbon, i n both a c r y l o - and 
m e t h a c r y l o n i t r i l e the absence of such a halogen (and i t s n e g a t i v e 
i n d u c t i v e e f f e c t ) means t h a t s c i s s i o n of the C-CN bond, or e l s e e l s e 
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e l i m i n a t i o n of HCN, p r e f e r e n t i a l l y o c c u r s , depending on the a c t u a l 
energy input to the system. 
I I . V a r i a b l e Flow Rate 
Two s e p a r a t e experimental s e r i e s were c a r r i e d out to examine the 
r e p r o d u c i b i l i t y of r e s u l t s , as w e l l as the p o s s i b l e i n f l u e n c e of flow 
r a t e on the chemical composition of the f i l m s formed. 
I n a d d i t i o n to examination of the u s u a l " i n c o i l " s u b s t r a t e 
p o s i t i o n on top of the g l a s s s l i d e , an e x t r a s t r i p of aluminium f o i l 
was p l a c e d on the f l o o r of the r e a c t o r d i r e c t l y beneath the f i r s t 
p o s i t i o n . The l o c a t i o n of the s u b s t r a t e i n the t a i l region was l e f t 
u n a l t e r e d . The r e s u l t s f o r both experimental s e r i e s are d i s p l a y e d i n 
F i g u r e s 3.16 to 3.19. 
( i ) IN COIL, t h e r e was no s i g n i f i c a n t v a r i a t i o n i n n i t r o g e n 
content of the d e p o s i t e d f i l m over the flow r a t e range s t u d i e d . 
R e s u l t s between the . two s e r i e s were w i t h i n + 15%, i . e . w i t h i n the 
t y p i c a l experimental e r r o r observed f o r t h e s e ESCA a n a l y s e s . The 
sample p o s i t i o n underneath t h e g l a s s s l i d e showed s l i g h t l y d i f f e r i n g 
behaviour between the two s e r i e s - although both had a s i m i l a r n i t r o g e n 
content over the m a j o r i t y of the flow r a t e range, an i n i t i a l l y lower 
v a l u e was found at 0.3cc(STP) min 1 f o r the repeat s e r i e s . The oxygen 
content f l u c t u a t e d throughout. 
Trends i n the C l s envelopes were s i m i l a r f o r the two experimental 
s e r i e s , a b s o l u t e v a l u e s d i f f e r i n g s l i g h t l y . The 285.OeV peak showed an 
o v e r a l l decrease as the flow r a t e i n c r e a s e d , w h i l s t the c o n t r i b u t i o n a t 
286.6 eV r o s e . T h i s suggests t h a t , w h i l e the o v e r a l l n i t r o g e n content 
of the f i l m s does not depend on flow r a t e , the d i s t r i b u t i o n of the 
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a c t u a l n i t r o g e n - c o n t a i n i n g m o i e t i e s does. T h i s i s confirmed by the 
Nls envelope, which i n g e n e r a l showed a lower r e t e n t i o n of n i t r i l e 
groups i n t h e i r o r i g i n a l s t a t e a t lower flow r a t e ( a 3 evidenced by the 
l a r g e r c o n t r i b u t i o n of the higher b i n d i n g energy environment a t 400.5eV 
to the o v e r a l l Nls peak area) . Hence the W/F parameter i n f l u e n c e s the 
chemical nature of the f i l m s d e p o s i t e d here; i n p a r t i c u l a r , at lower 
flow r a t e s the i n c r e a s e d power a v a i l a b i l i t y per monomer molecule 
p r e s e n t i n the system causes the carbon-nitrogen t r i p l e bond to r e a c t 
* 
to g i v e C-N and C=N m o i e t i e s . T h i s probably occurs v i a i i < — n 
e x c i t a t i o n i n the u n s a t u r a t e d n i t r i l e group. I n a d d i t i o n , s i n c e the 
C=N t r i p l e bond i s e l e c t r o n r i c h , i t would be a prime t a r g e t f o r 
p o s s i b l e e l e c t r o p h i l i c a t t a c k , f o r example by any c a r b o c a t i o n s i n the 
system: 
-C=N + - C +- > -C=N-C 
( i i ) OUT OF COIL the C:N r a t i o showed d i s c r e p a n c i e s between the two 
experimental s e r i e s - one y i e l d e d l i t t l e v a r i a t i o n over the flow r a t e 
range, w h i l s t the second showed a minimum a t about F=4.Occ(STP)min ^. 
A l s o , the a b s o l u t e v a l u e s obtained i n the f i r s t s e r i e s f o r n i t r o g e n 
content were c o n s i s t e n t l y higher. 
Both s e r i e s gave s i m i l a r r e s u l t s f o r the C l s envelope, the o v e r a l l 
t r e n d being a decrease i n c o n t r i b u t i o n s due to hydrocarbon and 
quaternary carbon atoms (285.0 eV) . Those environments c e n t r e d a t 
286.6 eV ( n i t r i l e C-N, C=N, C-O) showed a g e n e r a l i n c r e a s e w i t h flow 
r a t e . The amount of oxygen uptake was v a r i a b l e , w h i l s t the Nls 
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envelope again showed an i n c r e a s i n g p r o p o r t i o n of unreacted n i t r i l e 
groups p r e s e n t i n the f i l m s u r f a c e as the flow r a t e i n c r e a s e s . 
I n summary, f o r m e t h a c r y l o n i t r i l e both power and flow r a t e have an 
i n f l u e n c e i n the chemical nature of the plasma polymer f i l m produced. 
F u r t h e r , of the two parameters the power input to the system has the 
more marked e f f e c t on the n i t r o g e n content of the d e p o s i t e d f i l m s . 
I n c r e a s i n g the flow r a t e a l t e r s the nature and d i s t r i b u t i o n of the 
n i t r o g e n - c o n t a i n i n g m o i e t i e s found. F i n a l l y , s i n c e d i f f e r e n c e s have 
been found i n both the nature of the f i l m s d e p o s i t e d by metha- and 
c h l o r o a c r y l o n i t r i l e (and a l s o t h e i r e x c i t e d s t a t e s p e c i e s and 
fragmentation p a t t e r n behaviour) due to the replacement of a c h l o r i n e 
s u b s t i t u e n t by a methyl group, the i n f l u e n c e of a l l t h r e e parameters i n 
Yasuda's o v e r a l l W/FM parameter has been shown. T h i s i n f l u e n c e was 
found to be q u a l i t a t i v e r a t h e r than q u a n t i t a t i v e w i t h r e s p e c t to 
i n t e r p r e t i n g the r e s u l t s obtained i n t h i s chapter. However, as the 
next s e c t i o n shows, the d e p o s i t i o n r a t e of a l l y l cyanide plasma 
polymers under s i m i l a r experimental c o n d i t i o n s as those f o r 
m e t h a c r y l o n i t r i l e d e s c r i b e d above i s much f a s t e r , d e s p i t e the f a c t t h a t 
the two are s t r u c t u r a l isomers and hence have the same molecul a r 
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3.4.3 A l l y ! Cyanide 
A l l y l Cyanide, CH^CH-C^CN, was chosen as a monomer f o r plasma 
p o l y m e r i z a t i o n to provide a comparison w i t h the a c r y l o n i t r i l e f a m i l y 
s t u d i e d e a r l i e r . I n the l a t t e r the n i t r i l e group was d i r e c t l y a d j a c e n t 
t o , and hence e x e r t e d a primary s u b s t i t u e n t e f f e c t on, an u n s a t u r a t e d 
carbon atom. I n c o n t r a s t , the cyano group i n a l l y l c yanide i s removed 
by a methylene ( C H 2 ^ u n i t . Hence, any s u b s t i t u e n t e f f e c t on the 
carbon-carbon double bond observed should now be markedly reduced due 
to t h i s secondary ( b e t a ) , r a t h e r than alpha, e f f e c t . As before, the 
i n f l u e n c e on the system of both power and flow r a t e were examined, the 
parameter ranges s t u d i e d being comparable to methacrylo- and 
c h l o r o a c r y l o n i t r i l e f o r power, but d i f f e r i n g f o r flow r a t e due to the 
d i f f e r e n c e i n vapour p r e s s u r e between the monomers. 
I V a r i a b l e Power 
A l l y l Cyanide was found t o d e p o s i t v e r y r a p i d l y throughout the 
power range (3-60W) - more so than f o r m e t h a c r y l o n i t r i l e . Hence, a f t e r 
only t h r e e minutes, a s u f f i c i e n t l y t h i c k f i l m was formed to be v i s i b l e 
to t h e naked eye. I n order to see i f the chemical nature of the f i l m 
changed w i t h r e s p e c t to time, s e l e c t e d experiments i n the s e r i e s were 
repeated f o r a d e p o s i t i o n time of s i x minutes (a flow r a t e of 
0.5cc(STP)/min was used throughout). The ESCA s p e c t r a obtained were 
ve r y s i m i l a r i n shape to those found f o r m e t h a c r y l o n i t r i l e ( F i g u r e s 
3.20, 3.21) . 
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( i ) IN COIL 
The n i t r o g e n content of the f i l m s formed a f t e r t h r e e minutes 
( F i g u r e 3.23) was i n i t i a l l y c onstant a t low power, d e c r e a s i n g o v e r a l l 
w i t h i n c r e a s i n g power. The l e v e l of oxygen i n c o r p o r a t i o n was v a r i a b l e 
throughout. The number of hydrocarbon and quaternary carbon 
environments i n the C l s envelope (285.0 eV) s t e a d i l y i n c r e a s e d w i t h 
power, w h i l s t the t o t a l number of carbon-nitrogen environments was 
reduced. The Nls envelope showed t h a t , of the n i t r o g e n c o n t a i n i n g 
m o i e t i e s , an o v e r a l l i n c r e a s e o c c u r r e d i n the p r o p o r t i o n of N-C and N=C 
environments i n r e l a t i o n to unreacted ( i . e . i n t a c t ) n i t r i l e groups, 
w i t h a maximum a t 33W. On r a i s i n g the d e p o s i t i o n time t o s i x minutes 
t h i s maximum i s s h i f t e d to higher power (49W). However, a comparison 
of a b s o l u t e v a l u e s between the two s e t s of r e s u l t s shows a d i s c r e p a n c y 
of l e s s than 15% - i . e . w i t h i n experimental e r r o r , showing f a i r l y good 
r e p r o d u c i b i l i t y . The g r e a t e s t d i s c r e p a n c y was shown i n the t o t a l 
n i t r o g e n content of t h e f i l m s . 
The s i m i l a r i t y of the chemical composition of the f i l m s d e p o s i t e d 
a f t e r 3 and 6 minutes suggests t h a t , once the aluminium s u b s t r a t e i s 
f u l l y covered, the chemical nature of the f i l m m a c r o s c o p i c a l l y speaking 
changes l i t t l e with time. T h i s agrees w i t h the r e s u l t s of v a r i a b l e 
t a k e - o f f angle experiments performed not only f o r a l l y l cyanide (Table 
3.7) but a l s o the a c r y l o n i t r i l e s , which showed t h a t , i n g e n e r a l , the 
plasma polymer f i l m s produced i n t h i s work were homogeneous. 
Comparing the r e s u l t s obtained f o r the n i t r o g e n content of a l l y l 
c y anide with those f o r the a c r y l o n i t r i l e s (Table 3.6), the former 
showed an o v e r a l l decrease f o r the i n c o i l r e g i o n . I n c o n t r a s t , 
c h l o r o a c r y l o n i t r i l e e x h i b i t e d a minimum a t 40W and m e t h a c r y l o n i t r i l e a 
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minimum at 17W. The C l s and Nls envelopes c o r r e s p o n d i n g l y d i f f e r . 
S i n c e m e t h a c r y l o n i t r i l e and a l l y l cyanide a r e both s t r u c t u r a l isomers 
of C4H^N, and hence have the same molecular weight, M, i n Yasuda's 
parameter W/FM, the observed d i f f e r e n c e s i n tr e n d s observed over the 
power range s t u d i e d a r e most l i k e l y due to the change i n chemical 
s t r u c t u r e between the monomers. A l s o , the d i f f e r e n c e i n d e p o s i t i o n 
r a t e s between the two isomers suggests t h a t W/FM i s not t h e paramount 
f a c t o r i n c o n t r o l l i n g the d e p o s i t i o n r a t e of a plasma polymer system. 
( i i ) TAIL REGION 
A maximum was found f o r the n i t r o g e n content of the t a i l r e g i o n 
f i l m s a t 20-30W f o r a t h r e e minute d e p o s i t i o n p e r i o d , i n c o n t r a s t to 
the p l a t e a u found p r i o r to decrease i n c o i l , w h i l s t the oxygen content 
showed an o v e r a l l r i s e w ith i n c r e a s i n g power. The C l s and Nls 
envelopes a l s o r e v e a l e d t h a t power i n f l u e n c e s the chemical composition 
of the f i l m s s i n c e a higher input to the system once again r e s u l t s i n 
an i n c r e a s e d oxygen content - once again thought to occur v i a the 
production of more f r e e r a d i c a l r e a c t i v e s i t e s i n the f i l m s u r f a c e 
capable of quenching v i a uptake of oxygen s p e c i e s . 
I n the C l s envelope, the 285.0 eV peak showed an i n c r e a s e w i t h 
i n c r e a s i n g power, t h a t a t 286.6 eV (corresponding t o n i t r o g e n m o i e t i e s 
i n the f i l m ) showing an o v e r a l l downward t r e n d . Hence the maximum a t 
286.6 eV t h a t might have been expected to c o r r e l a t e w i t h the o v e r a l l 
maximum i n the t o t a l number of n i t r o g e n c o n t a i n i n g m o i e t i e s a t 20-30W, 
as evidenced by the N:C r a t i o n , was not observed. P o s s i b l y the 
doubling i n oxygen content from 8 to 17 oxygen atoms per 100 carbon 
atoms between 13W and 60W i s r e s p o n s i b l e f o r a l a r g e r than u s u a l 
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SUBSTRATE MONOMER POWER / w 
POSITION 05 12 20 30 50 60 
IN COIL MAN 23 22 25 18 17 -
AC I f 23 22 23 16 12 15 
TAIL MAN I f 21 22 20 22 27 15 
AC I I 16 24 32 30 21 25 
IN COIL MAN 399.3 2 90 46 80 74 68 -
AC •1 82 91 80 75 75 72 
MAN 400.6 2 10 54 20 16 32 -
AC • I 18 09 20 25 25 28 
TAIL MAN 399.3 84 89 83 79 70 40 
AC • I 93 87 75 55 51 57 
MAN 400.6 16 11 17 21 30 60 
AC • I 07 13 15 45 49 43 
NOTES : 1. The r a t i o i s gi v e n as the number of N atoms per 100 C atoms 
p r e s e n t i n the f i l m . 2. Binding energy i n the Nls spectrum, i n eV. 
TABLE 3.6 Comparison of Nitrogen Content, A l l y l Cyanide v e r s u s 
M e t h a c r y l o n i t r i l e . 
TABLE 3.7 Results for Allyl Cyanide Plasma 
Polymer - 60 vs 30 Degrees Take Off Angle 
TOA C1s Envelope N1s Envelope 
in 
Degrees N o 285.0 286.6 287.7 289.0 399.3 400.6 
30 21 7 67 28 2 3 61 39 
60 16 8 67 26 4 3 60 40 
NB: 1) Atomic Ratios are /100 C atoms 
2) Envelopes are in %; Binding Energies in ev 
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c o n t r i b u t i o n to the 286.6eV peak from C-0 bonds. The impact of t h i s on 
the o v e r a l l peak t r e n d i s hard t o a s s e s s ; however, a maximum i n the 
c a r b o n y l c o n t r i b u t i o n (287.8 eV) occurs a t 33W. T h i s , taken i n 
c o n j u n c t i o n w i t h the o v e r a l l i n c r e a s e i n oxygen content w i t h power, 
suggests t h a t the number of C-O environments a t 49W and 60W 
p r o g r e s s i v e l y i n c r e a s e s . Hence, u n u s u a l l y , carbon-oxygen environments 
appear to p l a y a more dominant i n the C l s envelope under t h e s e 
c o n d i t i o n s than p r e v i o u s l y seen, w h i l s t a n a l y s i s of the N l s envelopes 
showed a dramatic i n c r e a s e i n the number of N-C and N=C environments i n 
p r o p o r t i o n to n i t r i l e groups i n the f i l m a c r o s s the power s e r i e s , such 
t h a t , f o r the t a i l region, the r a t i o of peak a r e a s (399.3 eV v e r s u s 
400.6 eV) was almost 1:1. Such a high r a t i o was a l s o observed f o r some 
m e t h a c r y l o n i t r i l e f i l m s . However, o v e r a l l a lower number of cyano 
groups are i n c o r p o r a t e d i n t o the a l l y l cyanide f i l m i n t h e i r o r i g i n a l 
form compared to the a c r y l o n i t r i l e s , e s p e c i a l l y c h l o r o a c r y l o n i t r i l e , 
which has a much higher r a t i o of n i t r i l e environments to C-N and C=N. 
T h i s i n c r e a s e d c o n t r i b u t i o n from the l a t t e r environments must be a 
s t r u c t u r a l f a c e t caused by the i n s e r t i o n of t h e methylene u n i t between 
the cyano group and the carbon-carbon double bond on changing the 
monomer t o a l l y l cyanide. i n p a r t i c u l a r , t h i s p r e v e n t s " m o l e c u l a r 
e l i m i n a t i o n of HCN o c c u r r i n g from an u n s a t u r a t e d environment to g i v e 
the corresponding d i r a d i c a l s and a c e t y l e n i c compounds v i a 
rearrangement, although ethynes could s t i l l occur v i a e l i m i n a t i o n of 
m o l e c u l a r hydrogen. T h i s l a c k of e l i m i n a t i o n of HCN may account f o r 
the high r e t e n t i o n of the o r i g i n a l n i t r o g e n content observed f o r many 
of the a l l y l cyanide f i l m s . However, i t should be p o i n t e d out t h a t , 
s i n c e the molecular formula i s C H N, maximum r e t e n t i o n of n i t r i l e 
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groups, i n t a c t or not, should g i v e r i s e t o a N:C r a t i o no l a r g e r than 
25:100. T h i s i s i n f a c t exceeded - hence some ca r b o n - c o n t a i n i n g 
fragments o t h e r than n i t r i l e groups must be l o s t from the monomer 
before d e p o s i t i o n , such t h a t t h i s maximum r a t i o i s exceeded. 
E l i m i n a t i o n of HCN from the a l i p h a t i c p o s i t i o n of the a l l y l c yanide 
molecule would not s a t i s f y t h i s c r i t e r i o n - r a t h e r , f o r e l e c t r o n impact 
e x c i t a t i o n above the i o n i z a t i o n p o t e n t i a l fragmentation and 
rearrangement of the s o r t o u t l i n e d i n the mass s p e c t r o m e t r i c s t u d i e s 
performed by W i l l e t t and Baer probably occurs, w h i l s t e x c i t e d s t a t e 
c h e m i s t r y below the i o n i z a t i o n p o t e n t i a l most l i k e l y i n v o l v e s s c i s s i o n 
of the carbon-carbon bond beta to the double bond. 
I I . V a r i a b l e Flow Rate 
Although the p r e s s u r e range s t u d i e d was s i m i l a r t o t h a t used i n 
the p r e v i o u s experiments (0.08-0.02 mb) , the g e n e r a l l y lower vapour 
p r e s s u r e of a l l y l cyanide i n comparison to the a c r y l o n i t r i l e s r e s u l t e d 
i n a lower spread of flow r a t e s a t 0.18-1.67 cc(STP)min 
( i ) IN COIL 
A v a r i a b l e t a k e - o f f angle experiment was performed a t 35 and 60 
degrees to enable depth p r o f i l i n g t o be c a r r i e d out. The r e s u l t s 
(Table 3.7) showed e x c e l l e n t agreement f o r a flow r a t e of 0.18 
cc(STP)min 1 f o r both the C l s and Nls envelopes as w e l l as the oxygen 
content; however, the n i t r o g e n content a t the s u r f a c e of the f i l m was 
found to be s l i g h t l y lower than expected. The l a c k of any i d e n t i f i a b l e 
repeat u n i t i n the h i g h l y c r o s s - l i n k e d f i l m s formed may p o s s i b l y g i v e 
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r i s e t o l o c a l v a r i a t i o n s i n the chemical composition; however, the 
l a r g e r the sampling depth t h e more l i k e l y any such inhomogeneities w i l l 
be averaged out. 
O v e r a l l the n i t r o g e n content of the f i l m s was found to be constant 
throughout w i t h i n experimental e r r o r , w h i l s t the oxygen content dropped 
wi t h i n c r e a s i n g flow r a t e . The C l s and Nl3 envelopes showed t h a t , 
though the o v e r a l l N:C r a t i o remained f a i r l y c o n s t a n t w i t h flow r a t e , 
the d i s t r i b u t i o n of chemical environments changed. The 285.0 eV peak 
c o n t r i b u t i o n t o the C l s envelope dropped with i n c r e a s i n g flow r a t e ; 
c o n v e r s e l y , the 286.6 eV peak c o n t r i b u t i o n rose, suggesting t h a t the 
number of n i t r o g e n c o n t a i n i n g m o i e t i e s i n c r e a s e s a c r o s s the s e r i e s -
i . e . a d i r e c t c o n t r a d i c t i o n to the r e s u l t obtained from the N:C r a t i o . 
The Nls s p e c t r a showed t h a t the l a r g e p r o p o r t i o n of N-C and N=C 
environments a t low flow r a t e s gave way to a 60% and 90% m a j o r i t i e s of 
cyano groups a t high flow r a t e . For each such group, t h e r e must be a 
carbon atom d i r e c t l y a t t a c h e d a l s o appearing a t 286.6 eV i n the C l s 
spectrum. Now, the t o t a l number of n i t r o g e n atoms per 100 carbon atoms 
i s approximately the same f o r each f i l m a n a l y s e d i n the s e r i e s , 
a l l o w i n g d i r e c t comparison of the r e l a t i v e p r o p o r t i o n s of each Nls 
envelope. Hence f o r F=0.18 cc(STP)min 1 and assuming the NIs envelope 
as a whole r e p r e s e n t s 100 n i t r o g e n atoms, i f 60% are cyano groups then 
60 C-CN and 40 C-N or C=N bonds must a l s o be p r e s e n t , making a t o t a l of 
160 carbon atoms c o n t r i b u t i n g to the 286.6 eV peak i n the C l s envelope. 
For F=1.67 cc(STP)min ^ 90% of the n i t r o g e n i s p r e s e n t as cyano groups, 
g i v i n g 90 C-CN and 10 C-N or C=N bonds as w e l l , a t o t a l of 190 carbon 
environments o c c u r r i n g a t 286.6 eV. Hence t h i s component of the C l s 
spectrum duly i n c r e a s e s with i n c r e a s i n g flow r a t e , d e s p i t e the t o t a l 
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number of n i t r o g e n atoms per 100 carbon atoms i n the f i l m remaining 
more or l e s s constant throughout. 
( i i ) OUT OF COIL 
Once again the t a i l r e g i o n e x h i b i t e d d i f f e r i n g behaviour to t h a t 
i n c o i l . i n i t i a l l y the n i t r o g e n and oxygen contents of the lowest flow 
r a t e f i l m was high ( F i g u r e 3.25), the l a t t e r dropping as the monomer 
flow' r a t e was i n c r e a s e d . The C l s envelope showed a maximum f o r 
hydrocarbon and quaternary carbon environments a t mid-flow r a t e , w i t h a 
s m a l l minimum i n the 286.6 eV environments. The l a t t e r l i e s w i t h i n 
experimental e r r o r of the r e s u l t s obtained a t lower flow r a t e s , but the 
subsequent i n c r e a s e was s u f f i c i e n t l y marked t o echo the o v e r a l l 
i n c r e a s e found i n c o i l . The c o n t r i b u t i o n s from the 287.8 and 289.2 eV 
peaks decreased w i t h flow r a t e , r e f l e c t i n g the lower l e v e l of oxygen 
uptake i n the f i l m s , w h i l s t the t r e n d i n the Nls envelope was the same 
as t h a t found i n c o i l . Taking the C l s and Nls envelopes together the 
r e s u l t s suggest t h a t t h e r e must be s t r u c t u r a l d i f f e r e n c e s between the 
i n - c o i l and t a i l r e g i o n s; hence, as found f o r the a c r y l o n i t r i l e s , the 
nature of the f i l m s formed i s p o s i t i o n a l l y dependent w i t h i n the 
r e a c t i o n chamber. T h i s must again r e f l e c t both the nature of the 
e l e c t r o n energy d i s t r i b u t i o n , and the nature and r e l a t i v e abundance of 
the d e p o s i t i n g s p e c i e s , throughout the system. 
I l l 
3.5 Summary 
T h i s Chapter has examined the e f f e c t of power, flow r a t e , 
p o s i t i o n a l dependence w i t h i n the r e a c t o r , l e n g t h of d e p o s i t i o n p e r i o d 
and nature of monomer used (both i n terms of r e l a t i v e molecular mass 
and s t r u c t u r a l I s o m e r i z a t i o n ) oil the chemical composition of the plasma 
polymer t h i n f i l m s formed i n a vacuum system u s i n g an i n d u c t i v e l y 
coupled r f generator. Nearly a l l t h e s e parameters have been found to 
i n f l u e n c e the exact nature - and hence p r o p e r t i e s - of the f i l m s 
formed, the most marked being ( i ) the type of monomer used and ( i i ) the 
power input to the system. The e f f e c t of flow r a t e was l e s s marked 
than expected over the ranges s t u d i e d , w h i l s t the c o n t r a s t s between 
f i l m s produced i n the " i n c o i l " and " t a i l " r e g i o n s i l l u s t r a t e l o c a l i s e d 
d i f f e r e n c e s w i t h i n the d e p o s i t i o n chamber. O v e r a l l , w h i l s t the t h r e e 
components of Yasuda's W/FM parameter do i n f l u e n c e the system, and 
hence the nature and p r o p e r t i e s of the f i l m s formed, t h i s i s 
q u a l i t a t i v e r a t h e r than q u a n t i t a t i v e . F i n a l l y , an attempt has been 
made to i n t e r p r e t , a t a b a s i c l e v e l , the type of s p e c i e s and nature of 
the p r o c e s s e s i n v o l v e d i n the plasma and d e p o s i t i o n p r o c e s s e s , 
e s p e c i a l l y w i t h r e g a r d to the s t r u c t u r e of t h e monomer. 
R e p r o d u c i b i l i t y of r e s u l t s w i t h i n experimental e r r o r show -that t h e s e 
p r o c e s s e s , and hence plasma p o l y m e r i z a t i o n i n g e n e r a l , can be 
c o n t r o l l e d by the parameters s t u d i e d . 
CHAPTER 4 
PLASMA POLYMERIZATION IN THE PRESENCE OF 
HALOGEN VAPOURS 
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4.1 I n t r o d u c t i o n 
The plasma p o l y m e r i z a t i o n of o r g a n i c compounds i n the presence of 
non-polymerizable gases such as argon and hydrogen has been 
i n v e s t i g a t e d by a number of a u t h o r s 1 . I n many c a s e s the d e s i r e d e f f e c t 
was to i n f l u e n c e the o v e r a l l p r e s s u r e and flow r a t e of the system 
2 
w h i l s t l e a v i n g those of the monomer unchanged. T x l l examined such 
e f f e c t s f o r the plasma p o l y m e r i z a t i o n of perfluorobenzene, extending 
the i n v e s t i g a t i o n to study the e f f e c t of i o d i n e on the system. Munro 
3 . . . and Grunwald s i m i l a r l y i n v e s t i g a t e d the d e p o s i t i o n of a c r y l o n i t r i l e i n 
the presence of i o d i n e vapour, f i n d i n g t h a t the glow volume of the 
r e a c t i o n was d r a m a t i c a l l y reduced and c o n c e n t r a t e d mainly i n the c o i l 
r e g i o n . On a n a l y s i s of the l a t t e r f i l m s by ESCA, i o d i n e was found t o 
have been incorporated, e f f e c t i v e l y doping the plasma polymer such t h a t 
a s m a l l but p o s i t i v e conductance c o u l d be measured - i e the polymer was 
no l o n g e r p e r f e c t l y i n s u l a t i n g , u n l i k e the f i l m d e p o s i t e d u s i n g 
a c r y l o n i t r i l e alone. T h i s r e s u l t was f e l t to be of p o t e n t i a l 
a p p l i c a t i o n as a (semi) conducting polymer. Other workers have a l s o 
s t u d i e d i n c o r p o r a t i o n of i o d i n e i n t o plasma polymer systems. D u l l y e t 
4 
a l r e p o r t e d an i o d i n e c o n t a i n i n g f i l m d e r i v e d from lodomethane with an 
i o d i n e t o carbon elemental r a t i o of 1:11, w h i l s t Ward^ has examined the 
r o l e of i o d i n a t e d polymers as p o t e n t i a l l y u s e f u l r e s i s t m a t e r i a l s i n 
5 
the e l e c t r o n i c s i n d u s t r y . I n p a r t i c u l a r , t h i s l a t t e r work attempted 
to d i s c o v e r methods of reducing the l o s s of i o d i n e during plasma 
p o l y m e r i z a t i o n by l o o k i n g a t plasma copolymers of iodobenzene w i t h 
4 5 
benzene, and plasma homopolymers of a l l y l i o d i d e . Both T i l l and Ward 
found evidence i n the I3d,_ .„ „„ ^ „ . ,. 
5/2 ESCA spectrum f o r n e g a t i v e i o d i n e s p e c i e s 
i n the f i l m s u r f a c e , the l a t t e r subsequently f i n d i n g evidence from 
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u l t r a v i o l e t s p e c t r a f o r the i n i t i a l presence of 1^ i n plasma 
polymerized a l l y l i o d i d e , the s p e c i e s d i s a p p e a r i n g w i t h time on 
exposure to the atmosphere. 
6 
S i n c e i o d i n e i s known to be a f r e e r a d i c a l scavenger , i t i s a l s o 
p o s s i b l e t o use such s t u d i e s t o t r y and g a i n some m e c h a n i s t i c i n s i g h t 
i n t o the plasma p o l y m e r i z a t i o n p r o c e s s , e s p e c i a l l y i f the scope i s 
widened t o i n c l u d e s u r f a c e photopolymerization. C h l o r o a c r y l o n i t r i l e 
was thus chosen as a monomer, s i n c e i t s photochemistry i s examined i n 
c h a p t e r 5, w h i l s t a l l y l cyanide was chosen as a c o n t r a s t to the work 
c a r r i e d out on a l l y l i o d i d e by Ward.^ I n p a r t i c u l a r , s i n c e a l l y l 
compounds plasma polymerized a t low power and high flow r a t e s have been 
found i n g e n e r a l to r e t a i n a high p r o p o r t i o n of t h e i r f u n c t i o n a l 
7 
groups , as shown i n chapter 3 f o r a l l y l cyanide, i t was expected t h a t 
the t h i n f i l m s produced f o r the l a t t e r i n the presence of i o d i n e would 
r e t a i n carbon-nitrogen f u n c t i o n a l i t i e s as w e l l as i n c o r p o r a t i n g those 
of carbon-iodine. 
4.2 Experimental 
The apparatus used was i d e n t i c a l to t h a t i n c h a p t e r s 2 and 3, 
except t h a t the i o d i n e and monomer tubes were a t t a c h e d to a T-piece 
upstream of the r e a c t i o n chamber to ensure mixing of the- r e a c t a n t s 
p r i o r to e n t e r i n g the r e a c t i o n chamber, F i g u r e 4.1. I o d i n e was vacuum 
sublimed i n t o a monomer tube secured by a Young's tap; 
c h l o r o a c r y l o n i t r i l e and a l l y l cyanide were degassed p r i o r to use by 
freeze-thaw c y c l e s i n the u s u a l way. 
I o d i n e vapour was b l e d i n t o the chamber a t i t s vapour p r e s s u r e 
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p r e s s u r e of bromine, which was found t o have a hi g h e r vapour p r e s s u r e i n 
e x c e s s of 0.4mb, was c o n t r o l l e d u s i n g an Edwards needle v a l v e . I n each 
experiment, the p a r t i a l p r e s s u r e and flow r a t e of the monomer were 
determined s e p a r a t e l y b e f o r e a d d i t i o n of halogen vapour t o the system. 
Only once the t o t a l p r e s s u r e and flow r a t e of the system had been 
determined was the r f plasma i g n i t e d . The e f f e c t of i n t r o d u c i n g 
monomer i n t o the system a f t e r i n i t i a t i o n of a plasma i n monomer vapour 
alone can be seen i n P l a t e 4.2 Time i n c r e a s e s on descending the 
photographic s e r i e s , such t h a t the i n i t i a l p u r p l e glow of the monomer 
( P l a t e 4.1) was immediately turned, on i n t r o d u c t i o n of i o d i n e vapour, a 
c h a r a c t e r i s t i c white, which became on o f f - w h i t e / y e l l o w c o l o u r as f i l m 
b u i l t up on the w a l l s of the r e a c t o r . The glow volume a l s o began to 
reduce i n s i z e . Next, as the i o d i n e monomer tube was heated w i t h a 
h a i r d r y e r (to i n c r e a s e the c o n c e n t r a t i o n of i o d i n e vapour i n the 
system) t h e glow volume r a p i d l y shrank i n s i z e u n t i l i t occupied only 
t h e c o i l r e g i o n . D e p o s i t i o n was found not t o occur o u t s i d e t h i s glow, 
but r a t h e r was co n c e n t r a t e d i n s i d e t h e c o i l r e g i o n i t s e l f - P l a t e 4.5 
shows t h e d i s t r i b u t i o n of the d e p o s i t e d f i l m a t t h e end of the 
experiment. The v i s i b l e d e p o s i t i o n i n the t a i l r e g i o n o c c u r r e d during 
t h e e a r l y s t ages of the experiment, immediately p r i o r t o " and a f t e r 
a f t e r t h e i n t r o d u c t i o n of i o d i n e vapour such t h a t the glow volume s t i l l 
encompassed the e n t i r e chamber. I n g e n e r a l , d e p o s i t i o n o c c u r r e d only 
i n the glow region f o r a l l y l cyanide, although t h i s was not always the 
c a s e f o r c h l o r o a c r y l o n i t r i l e , perhaps r e f l e c t i n g a d i f f e r e n c e i n 
d e p o s i t i o n mechanism between the two monomers. 
R a t i o s of elemental s t o i c h i o m e t r i c s w i t h r e s p e c t t o carbon were 
determined by ESCA i n the u s u a l manner u s i n g a Kratos ES300 
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spectrometer, except t h a t C l s envelopes were not f i t t e d s i n c e the 
c a rbon-iodine environments proved u n r e s o l v a b l e from the 
carbon-nitrogen, c a r b o n - c h l o r i n e ( f o r c h l o r o a c r y l o n i t r i l e ) and 
carbon-oxygen environments i n the f i l m . 
UV absor p t i o n s p e c t r a were taken by d e p o s i t i n g plasma polymer 
onto q u a r t z windows p r i o r to running on a P h i l l i p s PU 8720 U V / V i s i b l e 
Scanning Spectrophotometer. 
4.3 C h l o r o a c r v l o n i t r i l e / I o d i n e 
I n i t i a l experiments showed t h a t the plasma glow volumes were 
s i g n i f i c a n t l y reduced i n the presence of i o d i n e vapour ( t h i s was a l s o 
t r u e of added bromine), being c o n f i n e d a t low power t o the immediate 
a r e a i n s i d e and surrounding the c o i l r egion (see P l a t e s 4.1 - 4.4). 
Glow volumes were found to i n c r e a s e f o r a g i v e n flow r a t e on i n c r e a s i n g 
the power input to the system. T h i s e f f e c t , which was a l s o observed 
3 
f o r a c r y l o n i t r i l e , i s thought to be due t o m o l e c u l a r i o d i n e i n the 
plasma chamber scavenging the f r e e e l e c t r o n s r e s p o n s i b l e f o r the 
p roduction of e x c i t e d s t a t e s (both n e u t r a l s and/or i o n s ) v i a e l e c t r o n 
impact e x c i t a t i o n . S i n c e the c h a r a c t e r i s t i c plasma glow i s due to the 
l i g h t e m i t t e d when the s e e x c i t e d s t a t e s r e t u r n t o t h e i r ground s t a t e s , 
removing the i n c i d e n t e l e c t r o n s from the system e x t i n g u i s h e s the glow. 
I n c r e a s i n g the power a v a i l a b l e to the system i n c r e a s e s the numbers of, 
and k i n e t i c e n e r g i e s a v a i l a b l e to, the e l e c t r o n s such t h a t s u f f i c i e n t 
remain unquenched to i n i t i a t e and m a i n t a i n the glow. D e p o s i t i o n w i t h i n 
the glow volume occurred more r e a d i l y upstream of the c o i l region than 
i n the t a i l region; a t h i r d aluminium s u b s t r a t e was t h e r e f o r e 
p o s i t i o n e d 6cm upstream of the i n - c o i l s u b s t r a t e . Absence of the glow 
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volume was found to roughly correspond w i t h absence of f i l m formation. 
However, some (incomplete) d e p o s i t i o n was observed immediately 
downstream of the glow region and thought t o be caused by s p e c i e s 
a c t i v a t e d i n t h e glow volume flo w i n g and/or d i f f u s i n g downstream. T h i s 
suggests t h a t e l e c t r o n impacted e x c i t e d s t a t e s (both n e u t r a l s and i o n s ) 
are r e s p o n s i b l e f o r f i l m d e p o s i t i o n . T h i s would be c o n s i s t e n t with the 
g 
o b s e r v a t i o n by C l a r k e t a l who proposed t h a t r a d i c a l c a t i o n s a r e the 
d e p o s i t i n g s p e c i e s i n the plasma p o l y m e r i z a t i o n of the 
p e r f l u o r o e t h y l e n e s , r a t h e r than the r a d i c a l r a p i d s t e p growth mechanism 
9 
suggested by Yasuda f o r plasma p o l y m e r i z a t i o n i n g e n e r a l . However, 
decomposition of e x c i t e d s t a t e s of u n s a t u r a t e d e t h y l e n i c compounds 
below the i o n i z a t i o n p o t e n t i a l can l e a d to r a d i c a l products v i a both 
v a l e n c e s h e l l and Rydberg s t a t e s ^ , which i n t u r n can be quenched i n 
the presence of i o d i n e . That t h e s e e x c i t e d s t a t e s can l e a d to t h i n 
f i l m formation i s shown i n chapter 5, which d e t a i l s c h l o r o a c r y l o n i t r i l e 
s u r f a c e photopolymers formed i n both the c o n v e n t i o n a l and vacuum 
u l t r a v i o l e t r e g i o n s . T h i s i n t u r n i n d i c a t e s t h a t the i o d i n e here i s 
indeed a c t i n g as a f r e e r a d i c a l , as w e l l as a f r e e e l e c t r o n , scavenger 
(NB t h a t the l a t t e r must occur as w e l l i s shown by the presence of 
i o n i c i o d i n e s p e c i e s i n the d e p o s i t e d f i l m s as d e t a i l e d below)'. I n 
a d d i t i o n t o p o s i t i o n i n g aluminium s u b s t r a t e s i n t h e i n - c o i l and t a i l 
r e g i o n p o s i t i o n s o u t l i n e d i n chapter 3, a t h i r d s u b s t r a t e was p l a c e d 
6cm upstream of the c o i l on the b a s i s of p r e l i m i n a r y experiments i n 
which d e p o s i t i o n o c c u r r e d more r e a d i l y upstream of the r e a c t o r than 
downstream i n the t a i l r egion. Two experimental s e r i e s were c a r r i e d 
out - v a r y i n g the power input to the system, W, f o r a f i x e d flow r a t e , 
F; and v i c e - v e r s a . 
121 
I . V a r i a b l e Power 
A power range of 9-55W was used to plasma polymerize O.lmb of 
3 -1 
c h l o r o a c r y l o n i t r i l e (F=0.48cm S T p m i n ) • I n t r o d u c t i o n of i o d i n e vapour 
i n t o t h e system r a i s e d the t o t a l p r e s s u r e of the mixture to O.llmb 
(measurement of the t o t a l flow r a t e proved u n r e l i a b l e with the 
equipment a v a i l a b l e ) . No d e p o s i t i o n o c c u r r e d i n the t a i l r e gion except 
a t the h i g h e s t power s e t t i n g used (55W), w h i l s t d e p o s i t i o n upstream of 
the c o i l ( u p - c o i l ) d i d not occur u n t i l moderately high power (45W), 
talcing p l a c e more r a p i d l y than i n the t a i l r e g i o n . F u l l coverage of 
the aluminium s u b s t r a t e i n c o i l o c c urred throughout the s e r i e s . 
A n a l y s i s of the r e s u l t a n t f i l m s by ESCA r e v e a l e d t h a t the c h l o r i n e 
content was q u i t e low, with a C1:C elemental r a t i o i n - c o i l of 1:10 or 
l e s s , r i s i n g t o 1.3:10 i n the upstream p o s i t i o n . The r a t i o i n the t a i l 
r e g i o n a t 55W was found to be only 2:100. V a r i a t i o n of r e s u l t s i n - c o i l 
showed no d i s c e r n i b l e p a t t e r n , Table 4.1. The n i t r o g e n content i n a l l 
the f i l m s was moderately high throughout, v a r y i n g between 15 and 20:100 
f o r the N:C elemental r a t i o , w h i l s t t h a t f o r I : C v a r i e d even more 
between 18 and 56:100. The high i o d i n e content can p o s s i b l y be 
a t t r i b u t e d to some p h y s i c a l i n c o r p o r a t i o n of m o l e c u l a r i o d i n e i n t o the 
f i l m , w h i l s t the behaviour of the n i t r o g e n and c h l o r i n e " to carbon 
r a t i o s must be a r e s u l t of i o d i n e i n t r o d u c t i o n , s i n c e the r e s u l t s f o r 
monomer alone (chapter 3) showed, r e s p e c t i v e l y , an o v e r a l l decrease and 
a minimum. Oxygen uptake was low. 
Although the C l s spectrum was not r e s o l v a b l e , so t h a t no 
f u n c t i o n a l group a n a l y s i s was p o s s i b l e , both Nls and I3d,_^2 envelopes 
were u s e f u l i n t h i s r e s p e c t , Table 4.2. The N l s , F i g u r e 4.2c, was 
r e s o l v e d i n t o two main peaks c e n t r e d at 399.3 eV (corresponding to 
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SURE. 4g2. C h l o r o a c r y l o n i t r i l e / I o d i n e 25W Plasma Polymer - Core 
L e v e l S p e c t r a : (a) I3d5/2; <b> C l s ; ( c ) N l s ; (d) O l s . 
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No per 100 C atoms Nls / eV 
SUBSTRATE POWER CI I N O 399.3 400.8 402.3 
POSITION i n W 
UPSTREAM 9,25,35 no d e p o s i t i o n 
45 13 32 23 9 71 22 7 
55 12 20 17 9 72 22 6 
OUT OF 9,25,35,45 no d e p o s i t i o n 
'COIL 55 2 21.5 33 9 64 30 6 
rOTES : Table 4.1 r e l a t e s to the determined elemental r a t i o s 
e r 100 C atoms, Table 4.2 to the Nls and l3d5/2 core l e v e l 
p e c t r a . The l a t t e r a r e expressed as a % c o n t r i b u t i o n of each 
i n d i n g energy component to the t o t a l area of t h a t spectrum. 
ABLE 4.1 and 4.2 C h l o r o a c r y l o n i t r i l e / I o d i n e Plasma Polymer. 
I n c o i l r e s u l t s , F = 0.48 cm STPmin 





C I N I 0 399.3 400.8 618.5 620 
PSTREAM 0 12 20 18 4 73 27 6 94 
1 8 12 18 10 72 28 6 94 
2 7 9 16 14 69 31 6 94 
N COIL 0 8 30 17 5 76 24 5 95 
1 5 16 16 10 73 27 5 95 
2 5 13 13 11 74 26 5 95 
3 3 10 10 14 75 25 5 95 
5TE : 1. O r i g i n a l samples were analysed immediately a f t e r 
f n t h e s i s , then s t o r e d a t atmosphere i n sample b o t t l e s p r i o r to 
^ a n a l y s i s . 2. Nls & l3d5/2 envelopes a r e expressed as a % 
j n t r i b u t i o n of each component binding energy to the t o t a l a r e a 
j s e r v e d f o r the r e l e v a n t core l e v e l spectrum. 





IBLE 4.3 C h l o r o a c r y l o n i t r i l e / Iodine Plasma Polymer - E f f e c t of 
Storage i n A i r . 
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n i t r i l e groups) and 400.8 eV (corresponding to N-C and N=C). A 
shoulder a t high b i n d i n g energy suggests a t h i r d component c e n t r e d a t 
402.3 eV. I t s o r i g i n i s u n c l e a r , but i t s appearance seems t o be 
l i n k e d , a t l e a s t i n p a r t , w i t h t h a t of a shoulder i n the ^ d ^ . ^ 
spectrum c e n t r e d a t 618.5 + 0.3 eV, F i g u r e 4.2a. S i n c e the l a t t e r would 
be c o n s i s t e n t w i t h i o n i c i o d i n e s p e c i e s being p r e s e n t i n the film"*, the 
Nls shoulder would not be i n c o n s i s t e n t with a n i t r o g e n c a t i o n , although 
t h i s was not proven. No o v e r a l l p a t t e r n emerged f o r the N l s envelope 
w i t h r e s p e c t to power, a n a l y s i s g i v i n g the r a t i o of n i t r i l e to C-N and 
C=N groups a t 2 . 5 + 0 . 5 : 1 throughout. 
The main component of the I3d,.^2 spectrum i s c e n t r e d at 620.5 + 
0.3 eV, corresponding to i o d i n e c o v a l e n t l y bonded t o carbon, as w e l l as 
any m o l e c u l a r i o d i n e i n c o r p o r a t e d i n t o the polymer f i l m . The second 
i o d i n e environment (618.5 eV) was only found to be i n any r e a l evidence 
f o r c h l o r o a c r y l o n i t r i l e f o r a 25W power i n p u t . T h i s l a t t e r b i n d i n g 
energy c o u l d be accounted f o r by the i o d i d e ion, I ; however, the UV 
a b s o r p t i o n spectrum, F i g u r e 4.4, showed two d i s t i n c t peaks c e n t r e d a t 
288 nm and 368 nm, which are v e r y s i m i l a r to those found by Popov and 
Swenson^"1 a t 291nm and 360nm and determined to be c h a r a c t e r i s t i c of the 
I ^ i o n . I n a d d i t i o n , the gradual i n c r e a s e i n a b s o r p t i o n of the f i l m 
w i t h d e c r e a s i n g wavelength i s probably due to f r e e r a d i c a l s trapped i n 
the polymer. Ward found s i m i l a r evidence f o r the presence of I ^ i n 
plasma polymers of a l l y l i o d i d e ^ . At l e a s t p a r t of the n e g a t i v e i o d i n e 
found by ESCA i n the 13d,. ^  s P e c t r u m f ° r c h l o r o a c r y l o n i t r i l e can 
t h e r e f o r e be a t t r i b u t e d to I ^ . No peak was found i n the UV spectrum 
at 548.3nm or 499.5nm, which would be due to a d s o r p t i o n by m o l e c u l a r 
12 
i o d i n e suggesting t h a t , f o r t h i s p a r t i c u l a r f i l m , the m a j o r i t y , i f 
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FIGURE 4.4 C h i o r o a c r y l o n i t r i 1 e / I o d i n e 25W Plasma Polymer; 
UV A b s o r p t i o n Spectrum. 
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not a l l , of the i o d i n e p r e s e n t as i n d i c a t e d by the 620.5 eV peak i n the 
I3d^^2 spectrum i s due to c o v a l e n t l y bonded i o d i n e . The r a t i o f o r the 
i n t e n s i t y of the low b i n d i n g energy shoulder to t h e main peak a t 620.5 
eV d e c r e a s e s w i t h the i n c r e a s i n g i o d i n e t o carbon elemental r a t i o 
determined by ESCA, r e i n f o r c i n g the i d e a t h a t the i o n i c content of the 
plasma polymer i s low. 
The p o s s i b l e nature of a p o s i t i v e c o u n t e r i o n s t i l l needs t o be 
cons i d e r e d . Carbocations a r e n o t o r i o u s l y u n s t a b l e except i n s t r o n g l y 
a c i d i c media; however, Ward suggested t h a t the most l i k e l y c o u n t e r i o n 
f o r a l l y l i o d i d e plasma polymerized i n the presence of i o d i n e i s an 
a l l y l i c c a t i o n w i t h the p o s i t i v e charge spread over the t h r e e carbon 
atoms (such t h a t i t might be expected to be resonance s t a b i l i s e d , and 
hence s u r v i v e f o r a s h o r t w h i l e i n the polymer).^ The s t r u c t u r e of 
c h l o r o a c r y l o n i t r i l e does not l e n d i t s e l f so r e a d i l y t o such a l l y l i c 
c a r b o c a t i o n formation as to cleavage of the c a r b o n - c h l o r i n e bond to 
g i v e CI^C+CN. I n a d d i t i o n , the p o s s i b i l i t y e x i s t s t h a t a n i t r o g e n 
c a t i o n might be pre s e n t (the n i t r i l e group may r e a c t to g i v e -C-N+=C I 
and/or -C-N+=C ) r although the t r u e nature of any such c o u n t e r i o n i s 
u n c l e a r . I n c o n t r a s t , plasma p o l y m e r i z a t i o n of a l l y l cyanide i n i o d i n e 
vapour might be expected to g i v e r i s e to a h i g h e r p r o p o r t i o n of i o n i c 
i o d i n e environments i n the de p o s i t e d f i l m s i n c e the formation of an 
a l l y l i c c o u n t e r i o n i s l i k e l y t o be e a s i e r . T h i s p o s t u l a t e i s examined 
i n s e c t i o n 4.4. 
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FIGURE 4.3 C h l o r o a c r y l o n i t r i l e / I o d i n e Plasma Polymer; R e s u l t s f o r 
V a r i a b l e Power, C o n s t a n t Flow R a t e . 
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FIGURES 4.5 & 4.6 C h l o r o a c r y l o n i t r i l e / I o d i n e Plasma Polymer; R e s u l t s 
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F o r V a r i a b l e Monomer P a r t i a l P r e s s u r e , C o n s t a n t Power-
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I I V a r i a b l e Flow Rate, 25W 
Three s u b s t r a t e p o s i t i o n s were s t u d i e d as above. P a r t i a l 
p r e s s u r e s of O.lmb to 0.18mb of c h l o r o a c r y l o n i t r i l e were used, 
3 -1 
corresponding to flow r a t e s of approximately 0.4-0.6 cm 0 _ D m i n . The 
a d d i t i o n of i o d i n e vapour was found to decrease the measured t o t a l flow 
r a t e i n a l l c a s e s , the most marked e f f e c t o c c u r r i n g a t the m i d - s e r i e s 
flow r a t e s of c h l o r o a c r y l o n i t r i l e . However, repeated c o a t i n g of the 
P i r a r i i - h e a d by molecular i o d i n e d u r i n g subsequent experiments was found 
t o make any t o t a l flow r a t e ( i e c h l o r o a c r y l o n i t r i l e + i o d i n e ) 
measurements u n r e l i a b l e . The r e s u l t s , F i g u r e s 4.5 and 4.6, a r e 
t h e r e f o r e d i s p l a y e d as a f u n c t i o n of the p a r t i a l p r e s s u r e of 
c h l o r o a c r y l o n i t r i l e used. Only the Nls s p e c t r a were f i t t e d f o r t h e 
reasons o u t l i n e d i n s e c t i o n I . 
De p o s i t i o n o c c u r r e d r e a d i l y both i n , and upstream, of the c o i l f o r 
a l l c o n d i t i o n s except O.lmb. Hence i n c r e a s e s i n power and monomer flow 
r a t e each l e a d to i n c r e a s e d d e p o s i t i o n r a t e s i n the l a t t e r s u b s t r a t e 
p o s i t i o n . I n c o n t r a s t , no d e p o s i t i o n was observed i n the t a i l r e g i o n 
under any c o n d i t i o n s , suggesting t h a t t h i s p o r t i o n of the r e a c t o r 
chamber f a l l s i n the power d e f i c i e n t region proposed by Yasuda and 
13 . . H i r o t s u , s i n c e d e p o s i t i o n was found to occur i n t h i s p o s i t i o n f o r 55W 
i n s e c t i o n I . C h l o r i n e content of the f i l m s was markedly h i g h e r 
u p - c o i l than i n the c o i l region i t s e l f : the higher power a v a i l a b i l i t y 
i n c o i l here probably r e f l e c t s a higher s c i s s i o n r a t e i n the l a t t e r 
s u b s t r a t e p o s i t i o n f o r the ca r b o n - c h l o r i n e bond. Both regions e x h i b i t e d 
an i n c r e a s e i n the C1:C r a t i o with higher flow r a t e , w h i l s t the N:C 
r a t i o showed d i f f e r i n g behaviour f o r the two f i l m s - i n c o i l , the r a t i o 
r i s i n g w i t h i n c r e a s i n g F, w h i l s t upstream the r a t i o f e l l . T h i s 
compares to the maxima f o r both c h l o r i n e and n i t r o g e n content found i n 
the absence of i o d i n e (chapter 3) , w h i l s t oxygen uptake by the f i l m s 
d e c r e a s e d w i t h (higher) flow r a t e , as expected. The t o t a l i o d i n e 
content of the f i l m (whether i n molecular, c o v a l e n t or i o n i c form) 
showed maxima a t 0.13mb and 0.15mb of c h l o r o a c r y l o n i t r i l e r e s p e c t i v e l y 
f o r the i n c o i l and upstream p o s i t i o n s . 
The I^ c*5/2 © n velope again gave evidence f o r the formation of 
ne g a t i v e i o d i n e s p e c i e s i n c o i l , the most obvious example o c c u r r i n g a t 
low flow r a t e (O.lmb). Evidence f o r the presence of I - again came 
from the UV absor p t i o n spectrum, which e x h i b i t e d two peaks near 288nm 
and 367nm. These were found to disappear w i t h time on exposure to the 
atmosphere, i n d i c a t i n g t h a t the p o l y i o d i d e i o n i s u n s t a b l e under t h e s e 
c o n d i t i o n s , probably e l i m i n a t i n g molecular i o d i n e . I n order to examine 
t h i s p o s s i b i l i t y , two f i l m s ( i n - c o i l and upstream s u b s t r a t e s f o r 25W, 
0.13mb)) were re-examined by ESCA a f t e r s torage i n a i r f o r 48 hours. 
The r e s u l t s , Table 4.3, show t h a t the C1:C, I:C and N:C r a t i o s a l l 
decreased, w h i l s t t h a t of 0:C i n c r e a s e d . The c h l o r i n e to carbon 
elemental r a t i o showed the l a r g e s t o v e r a l l drop on r e a n a l y s i s a f t e r 24 
hours (over 30% f o r each f i l m ) , presumably due to degradation of the 
sample by x - r a y s (the c a r b o n - c h l o r i n e bond i s l a b i l e , see "chapter 3) 
together w i t h an i n c r e a s e i n the hydrocarbon content of the f i l m due to 
extraneous contamination, not l e a s t d uring the ESCA a n a l y s e s 
themselves. The percentage drop f o r i o d i n e content i n c o i l was only 
about 10%, r i s i n g to 40% f o r the upstream sample. Again t h i s c o u l d be 
caused by x-ra y degradation and/or hydrocarbon contamination of the 
sample i n the spectrometer; however, the d i f f e r i n g amounts by which 
t h i s o ccurs suggests otherwise. A f t e r 48 hours the c h l o r i n e was found 
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to be s t a b i l i s e d ; the r a t i o of i o d i n e to carbon had f a l l e n f u r t h e r . 
The r a t i o of i o n i c to c o v a l e n t i o d i n e peaks remained e f f e c t i v e l y 
c o n s t a n t throughout, i n d i c a t i n g t h a t the disappearance of the l a t t e r 
s p e c i e s (as monitored by ESCA) and (as shown by the UV a b s o r p t i o n 
s p e c t r a ) a r e l i n k e d . The n i t r o g e n content of the f i l m s throughout the 
two days remained constant w i t h i n experimental e r r o r , w h i l s t - not 
unexpectedly - uptake of oxygen, presumably by the f r e e r a d i c a l s i t e s 
i n the f i l m s u r f a c e suggested to be present by the UV ad s o r p t i o n 
spectrum, i n c r e a s e d with time, t h i s e f f e c t being more marked f o r the 
upstream sample than f o r t h a t i n c o i l . 
A n a l y s i s of the Nls spectrum f o r the v a r i a b l e flow r a t e s e r i e s 
showed an o v e r a l l i n c r e a s e i n n i t r o g e n content of t h e f i l m s w i t h flow 
r a t e , w h i l s t the r a t i o between n i t r i l e and other n i t r o g e n environments 
v a r i e d between approximately 2:1 a t O.lmb of c h l o r o a c r y l o n i t r i l e (and 
hence low flow r a t e ) and 4:1 at 0.18mb (high flow r a t e ) . A s l i g h t 
s h oulder was again observed to the high b i n d i n g energy s i d e of the 
envelope, corresponding t o a s m a l l shoulder on the low b i n d i n g energy 
5/2 
s i d e of the I 3 d peak. However, both shoulders were markedly l e s s 
than those observed f o r 25W i n c o i l f i l m i n s e c t i o n I w i t h the 
ex c e p t i o n of the r e s u l t obtained f o r O.lmb of c h l o r o a c r y l o n i t r i l e . 
I l l Summary 
The above r e s u l t s r e v e a l marked d i f f e r e n c e s i n the plasma 
p o l y m e r i z a t i o n of c h l o r o a c r y l o n i t r i l e i n the presence of i o d i n e vapour 
compared to t h a t i n the presence of monomer vapour alone. I n 
p a r t i c u l a r , i o d i n e d r a s t i c a l l y a f f e c t s the glow volume i n the 
d e p o s i t i o n chamber and a l s o i n h i b i t s p o l y m e r i z a t i o n , e s p e c i a l l y o u t s i d e 
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t h i s r e g i o n . Such i n h i b i t i o n can occur v i a i o d i n e e i t h e r quenching 
f r e e e l e c t r o n s i n the system, and hence p r e v e n t i n g e l e c t r o n impact 
e x c i t a t i o n of the monomer, or e l s e by f r e e r a d i c a l scavenging of 
d e p o s i t i n g s p e c i e s r e s u l t i n g i n t e r m i n a t i o n of the d e p o s i t i o n p r o c e s s . 
O v e r a l l , the plasma system (the t a i l r e gion i n p a r t i c u l a r , where 
d e p o s i t i o n only o c c u r r e d a t 55W) i s found to be power d e f i c i e n t 
13 
a c c o r d i n g to the model of Yasuda and H i r o t s u . A n a l y s i s of the 
r e s u l t a n t f i l m s by ESCA and UV a b s o r p t i o n spectrometry r e v e a l the 
presence of s m a l l amounts of i o n i c i o d i n e s p e c i e s , probably I and 
. On s t a n d i n g f i l m samples i n a i r f o r 48 hours the i o d i n e content 
d e c r e a s e s w i t h time, presumably due t o decomposition of the observed 
p o l y i o d i d e ( I ^ ) . S i n c e oxygen uptake a l s o o c c u r s d u r i n g t h i s p r o c e s s 
some f r e e r a d i c a l s i t e s must be l e f t unquenched i n the f i l m s u r f a c e by 
the i o d i n e . I n a d d i t i o n , although the decrease i n the C1:C elemental 
r a t i o a f t e r 24 hours can be a t t r i b u t e d to l a b i l i t y of the 
c a r b o n - c h l o r i n e bond, the l a c k of f u r t h e r degradation suggests t h a t 
about h a l f of the c h l o r i n e environments a r e not l a b i l e . 
4.4 A l l v l Cvanide / I o d i n e 
A l l y l cyanide was found to e x h i b i t d i f f e r e n t behaviour to 
c h l o r o a c r y l o n i t r i l e i n the presence of i o d i n e , but showed remarkable 
. . . 5 
s i m i l a r i t i e s to a l l y l i o d i d e as s t u d i e d by Ward . The l a t t e r compound 
was found to have a C:I s t o i c h i o m e t r y of 13:1 f o r a flow r a t e of 
3 - 1 5 
lcm e i _ D n i i n a t 4W , the r a t i o i n c r e a s i n g with higher power. 25% of 
O i. IT 
the i o d i n e present was found to be i n the form of i o n i c s p e c i e s - i e I 
and/or I ^ , w h i l s t storage i n a i r was again found t o d e c r e a s e t h i s 
i o n i c c o n t r i b u t i o n to the I 3 d spectrum, such t h a t a f t e r 24 hours the 
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peak observed a t 619 eV completely disappeared. The corresponding 
c a t i o n was thought to be a l l y l i c i n nature, evidence f o r which came 
from the s o l i d s t a t e NMR spectrum of ( a l l y l i o d i d e ) plasma polymer.^ 
T h i s r e s u l t was thought t o be the f i r s t example of a polymer i n which 
i o n s can be d e t e c t e d i n the bulk, although the o b s e r v a t i o n of n e g a t i v e 
i o n s a t the i n t e r f a c e between a perfluoropropane plasma polymer and i t s 
14 
s u b s t r a t e has been claimed by Haque and Ratner . A r a d i c a l a d d i t i o n 
mechanism was subsequently suggested not to occur f o r a l l y l i o d i d e 
plasma p o l y m e r i z a t i o n on the b a s i s t h a t s u r f a c e photopolymerization 
u s i n g both c o n v e n t i o n a l and vacuum u l t r a v i o l e t r a d i a t i o n f a i l e d t o 
d e p o s i t a f i l m , i n d i c a t i n g t h a t UV e x c i t e d s t a t e c h e m i s t r y i s not 
5 
r e s p o n s i b l e f o r f i l m d e p o s i t i o n f o r t h i s monomer. However, i o d i n e i s 
an i n t e g r a l p a r t of the monomer i n a l l y l cyanide; the a l l y l c yanide / 
12 system t h e r e f o r e p r o v i d e s a comparison. 
I V a r i a b l e Power 
As w i t h c h l o r o a c r y l o n i t r i l e / i o d i n e , t h r e e s u b s t r a t e p o s i t i o n s 
were used - i n c o i l , upstream of the c o i l , and i n the t a i l r e g i o n . 
A t t e n t i o n was p a i d to the e f f e c t of power on the glow region, and the 
e f f e c t of the glow i t s e l f on both the d e p o s i t i o n r a t e and the chemical 
3 -1 nature of the f i l m deposited. A flow r a t e of 0.28cm „ min was used STP 
throughout, the power being i n c r e a s e d i n s t a g e s from 8-60W. The glow 
volume was found to i n c r e a s e with i n c r e a s i n g power, sug g e s t i n g t h a t 
a d d i t i o n of i o d i n e to the system causes i t to be power d e f i c i e n t . The 
co l o u r d i s t r i b u t i o n of the glow volume d i f f e r e d from t h a t obtained f o r 
c h l o r o a c r y l o n i t r i l e - the mauve-blue of pure monomer gave way, on 
i n t r o d u c t i o n of i o d i n e vapour, to a pure white glow downstream of the 
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c o i l . An o f f - w h i t e c o l o u r t i n g e d w i t h the o r i g i n a l mauve-blue was 
observed i n - c o i l , w h i l s t a t i n t e d orange/yellow glow o c c u r r e d upstream 
of the c o i l region near the monomer/iodine i n l e t . T h i s c o l o u r 
d i s t r i b u t i o n - from pure white t o orange-yellow - was found to r e f l e c t 
the observed f i l m d e p o s i t i o n r a t e s , s i n c e the w a l l s of the r e a c t o r were 
r a p i d l y coated w i t h polymer i n the yellow, upstream, glow region - the 
ye l l o w c o l o u r being due to the f i l m d e p o s i t i n g so q u i c k l y t h a t i t 
f i l t e r e d t h e v i s i b l e e m i s s i o n - and a l s o i n the c o i l r e g i o n i t s e l f . 
C o a t i n g o c c u r r e d more s l o w l y i n the white glow volume, and not a t a l l 
o u t s i d e . I n a sep a r a t e experiment a pure i o d i n e plasma was found t o be 
white i n co l o u r ; hence i t i s e x c i t e d i o d i n e s p e c i e s i n the plasma which 
are r e s p o n s i b l e f o r the main change i n c o l o u r throughout the r e a c t o r , 
which obscures t h a t due to e x c i t e d s p e c i e s of a l l y l cyanide. The 
maximum d e p o s i t i o n r a t e only o c c u r r e d i n c o i l a t the lowest power 
s e t t i n g used (8W), so polymer a b l a t i o n and e t c h i n g must dominate the 
plasma p o l y m e r i z a t i o n p r o c e s s here under high power c o n d i t i o n s - i e the 
c o i l r e g i o n i s monomer d e f i c i e n t . T h i s c o n t r a s t s w i t h the upstream and 
t a i l r e g i o n s , and a l s o the c h l o r o a c r y l o n i t r i l e system as a whole, which 
were a l l found to be power d e f i c i e n t . 
The c o l o u r s of the glow volume a l s o r e f l e c t e d the d i f f e r e n c e s seen 
i n the c o l o u r of the f i l m s formed, v a r y i n g from orange (upstream and 8W 
i n c o i l samples) through to grey (obtained i n the t a i l r e gion a t 60W, 
the only power s e t t i n g a t which the white glow volume i n c o r p o r a t e d t h i s 
s u b s t r a t e p o s i t i o n ) . O v e r a l l , the r e l a t i o n s h i p between glow volume and 
plasma polymer formation can be summed up by : 
NO GLOW = NO FILM DEPOSITION 
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T h i s i s d i f f e r e n t to the a c r y l o n i t r i l e and c h l o r o a c r y l o n i t r i l e / 
i o d i n e systems, i n which some d e p o s i t i o n o c c u r r e d o u t s i d e the glow 
volume, even although i n s u f f i c i e n t t o completely cover the s u b s t r a t e . 
Q u a n t i t a t i v e a n a l y s i s of the f i l m s by ESCA (Table 4.4) r e v e a l e d 
the f o l l o w i n g : 
a) I o d i n e content of the f i l m i n c o i l showed an o v e r a l l d e c r e a s e 
w i t h i n c r e a s i n g power, w h i l s t f o r the upstream p o s i t i o n a t 40W the I:C 
r a t i o ' was more than t w i c e as g r e a t (2.3:1) as t h a t i n c o i l . The one 
t a i l r e g i o n s u b s t r a t e showing d e p o s i t i o n (60W) a l s o r e v e a l e d a h i g h e r 
i o d i n e content than the corresponding f i l m i n c o i l by 3.3:1. 
b) The N:C r a t i o was i n i t i a l l y low (12:100) a t low power (8W), 
r i s i n g to 19 + 1 : 100 t h e r e a f t e r . The C l s envelope was not f i t t e d , 
w h i l s t the Nls envelope gave no d i s c e r n i b l e p a t t e r n over the power 
range used. However, a p r e l i m i n a r y experiment a t 8W u s i n g a h i g h e r 
flow r a t e gave a higher n i t r o g e n content (N:C r a t i o 22:100), together 
w i t h a much i n c r e a s e d r a t i o of 7:1 f o r the 399.3 eV peak component 
v e r s u s t h a t a t 400.8 eV. T h i s compares with 2.5:1 or l e s s f o r the 
remainder of the s e r i e s , and suggests t h a t e l i m i n a t i o n of n i t r o g e n 
c o n t a i n i n g s p e c i e s - probably as cyanide r a d i c a l or i o n - occurs more 
r e a d i l y a t lower flow r a t e s . T h i s again c l a s s i f i e s the "system as 
monomer d e f i c i e n t , as o u t l i n e d above. 
c) Oxygen content of the f i l m s g e n e r a l l y d e c r e a s e d as the monomer 
flow r a t e i n c r e a s e d . On exposing the 60W sample to a i r f o r 30 hours, 
the oxygen uptake almost quadrupled the 0:C r a t i o . T h i s , together w i t h 
the i n c r e a s i n g UV absorbance below 500nm (Fig u r e 4.7), again suggested 
t h a t some f r e e r a d i c a l s were p r e s e n t i n the f i l m s u r f a c e . The out of 
c o i l sample showed s i m i l a r behaviour. 
SUBSTRATE POWER 
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NOTES : 1. Sample s t o r e d i n a i r f o r 30 hours p r i o r to r e a n a l y s i s . 
2. Y i n d i c a t e s an A12p s i g n a l was v i s i b l e . An o v e r l a y e r 
c a l c u l a t i o n was t h e r e f o r e used to c a l c u l a t e e lemental 
r a t i o s with r e s p e c t to carbon. 
3. X-ray degradation experiment - sample r e t a i n e d i n 
spectrometer and immediately r e a n a l y s e d . 
TABLE 4.4 - Q u a n t i t a t i v e ESCA a n a l y s i s of A l l y l Cyanide 
Plasma Polymerized i n the Presence of I o d i n e Vapour. 
ALLYL CYANIDE / IODINE PLASMA POLYMER 
FIXED FLOW RATE, VARIABLE POWER 
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FIGURE 4.8. A l l y l Cyanide? / Iodine? Plasma Polymer - T y p i c a l C o r e 
L e v e l S p e c t r a : a) I3d5/2; b) C l s ; c ) N l s ; d) 01s. 
d) Exposure to the atmosphere a l s o d r a m a t i c a l l y decreased the 
i o d i n e content of the f i l m , e s p e c i a l l y f o r the out of c o i l sample. I n 
order t o e l i m i n a t e the p o s s i b i l i t y t h a t x-ray degradation of the sample 
d u r i n g r e a n a l y s i s i s r e s p o n s i b l e f o r t h i s r e s u l t , t h e 40W sample was 
r e t a i n e d i n the spectrometer and immediately r e r u n . The r e s u l t s showed 
only a s l i g h t d ecrease f o r both I:C and N:C r a t i o s , i n l i n e w i t h those 
expected f o r build-up of extraneous hydrocarbon on t h e s u r f a c e of the 
f i l m , c o n f i r m i n g t h a t the i o d i n e s p e c i e s were not l a b i l e , and t h a t the 
r e s u l t f o r storage i n a i r i s a c c u r a t e . F u r t h e r c o n f i r m a t i o n of t h i s 
came from the I3d^^ spectrum i t s e l f , r e s o l u t i o n of which showed a 
s u b s t a n t i a l i n c r e a s e i n the r a t i o of c o v a l e n t and molecular, to i o n i c , 
i o d i n e environments from 2.3:1 to 4.6:1 ( i n c o i l ) and from 2.4:1 to 
8.1:1 ( i n the t a i l r e g i o n ) . The r a t i o of the two peaks remained 
unchanged a f t e r attempted x-ray degradation, and had not been found t o 
show any p a t t e r n i n v a r i a t i o n w i t h r e s p e c t to power. 
e) The f i l m s l e f t s t a n d i n g i n a i r overnight were a l s o s t u d i e d by 
UV a b s o r p t i o n spectroscopy. The a b s o l u t e i n t e n s i t i e s were found to 
have d e c r e a s e d as expected; however, the r e l a t i v e i n t e n s i t i e s of the 
301nm peak to t h a t a t 380nm were a l s o found to have changed, i n c r e a s i n g 
from 1.1:1 before exposure to 1.5:1 a f t e r . No a b s o r p t i o n s 'were found 
a t 548.3nm or 499.5nm corresponding to molecular i o d i n e . 
f ) Whereas plasma polymers of pure a l l y l cyanide (and the 
a c r y l o n i t r i l e s ) were found to be i n s o l u b l e i n a l l s o l v e n t s t r i e d , both 
o r g a n i c and i n o r g a n i c , those of a l l y l cyanide / i o d i n e were s o l u b l e i n 
acetone. T h i s suggests t h a t the l a t t e r f i l m s a r e not as h i g h l y 
c r o s s l i n k e d . 
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The above data thus i n d i c a t e s a g r e a t e r i o n i c i o d i n e content of 
the a l l y l cyanide / 1^ f i l m s compared to e i t h e r c h l o r o a c r y l o n i t r i l e or 
(on the b a s i s of ESCA data) a l l y l i o d i d e plasma polymers, s i n c e the 
I 3 d 5 ^ 2 envelope f o r the former o f t e n gave 618.5 eV to 620.5 eV peak 
are a r a t i o s between 1:8 and - more importantly - 4:1, as d e t a i l e d i n 
s e c t i o n I and I I below. Thus, u n l i k e a l l y l i o d i d e or 
c h l o r o a c r y l o n i t r i l e , t h e nature of a l l y l cyanide plasma polymers can be 
dominated by i o n i c , r a t h e r than by cov a l e n t s p e c i e s . Attempts to 
c h a r a c t e r i s e an a l l y l c a t i o n u s i n g s o l i d - s t a t e carbon-13 NMR were 
u n s u c c e s s f u l ; however, t h i s remains the l i k e l y c o u n t e r i o n . 
I I V a r i a b l e Flow Rate a t 21W and 42W 
The flow r a t e of a l l y l cyanide monomer proved d i f f i c u l t to c o n t r o l 
i n the presence of i o d i n e vapour, which was used a t vapour p r e s s u r e 
throughout. Three s u b s t r a t e p o s i t i o n s were used as be f o r e . R e s u l t s 
are p r e s e n t e d i n Table 4.5. The main trends were : 
a) The c o l o u r d i s t r i b u t i o n i n the glow volume was s i m i l a r t o t h a t 
f o r the v a r i a b l e power s e r i e s . However, on i n c r e a s i n g the monomer flow 
r a t e , the f i l m d e p o s i t i o n r a t e i n the t a i l region i n c r e a s e d , showing 
t h i s r e g i o n to be monomer d e f i c i e n t . 
b) The n i t r o g e n content of the deposited f i l m s showed random 
v a r i a t i o n with flow r a t e w i t h i n experimental e r r o r . A power dependence 
was seen as i n s e c t i o n I - a higher N:C r a t i o o c c u r r i n g i n c o i l a t the 
lower power used (21W) . T h i s i s c l o s e to the 1:4 maximum r a t i o 
expected f o r a co n v e n t i o n a l a l l y l cyanide polymer, i n d i c a t i n g t h a t 
n i t r o g e n c o n t a i n i n g groups were i n c r e a s i n g l y e l i m i n a t e d a s the power 
input t o the system i n c r e a s e d . 
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ELEMENTAL RATIOS 
No. Per 100 C atoms 
SUBSTRATE POWER FLOW I N O A l 
POSITION i n W RATE 
21 0.28 17 IN COIL 
TAIL 
0.48 34 









42 0.28 8 19 
0.28 12 15 
UPSTREAM 21 0.28 20 13 
0.48 26 17 
0.48 3 26 17 
0.67 26 16 
42 0.28 18 16 
0.28 16 14 















21 0.28 no d e p o s i t i o n 
0.48 no d e p o s i t i o n 
3 
0.48 no d e p o s i t i o n 
0.67 no d e p o s i t i o n 
42 0.28 no d e p o s i t i o n 
0.48 no d e p o s i t i o n 
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1. X-ray degradation e x p e r i -
ment . 
2. Repeat experiment f o r a. 
3. Power measure i n W, flow 
- • 3 • - 1 r a t e i n cm nan 
STP 
TABLE 4.5 - Q u a n t i t a t i v e ESCA A n a l y s i s of A l l y l Cyanide 
Plasma Polymerized i n the Presence of Io d i n e Vapour 
142 
c) I o d i n e content of the f i l m s i n c r e a s e d with monomer flow r a t e . 
S i n c e the system i s o v e r a l l monomer d e f i c i e n t and the p a r t i a l p r e s s u r e 
of i o d i n e was kept constant throughout, t h i s suggests t h a t c h e m i c a l 
i n c o r p o r a t i o n i n t o the plasma polymer occurs r a t h e r than m o l e c u l a r 
i o d i n e simply being p h y s i c a l l y adsorped. Oxygen i n c o r p o r a t i o n was 
s m a l l f o r a l l the f i l m s a n a l y s e d , and showed no obvious t r e n d . 
d) C l s s p e c t r a were not f i t t e d . R e s o l u t i o n of Nls envelopes 
showed the r a t i o of cyano (399.3 eV) to othe r n i t r o g e n environments 
(400.8 eV) d e c r e a s e s a t higher flow r a t e f o r 21W. No evidence was 
found f o r a shoulder c e n t r e d a t 402.3 eV. I n c o n t r a s t , the 618.5 eV 
shoulder i n the I 3 d ^ ^ spectrum was s i g n i f i c a n t l y i n c r e a s e d compared t o 
pre v i o u s samples. Quite d i s t i n c t , i t s area r a t i o v e r s u s the 620.5 eV 
peak was found t o be a t a maximum r a t i o of 4:1 f o r a 21W power 
inp u t / h i g h flow r a t e f i l m produced i n c o i l ( F i g u r e 4.10). L i t t l e 
v a r i a t i o n was found w i t h flow r a t e a t 42W, the a r e a r a t i o remaining 
approximately constant a t 2:1 i n favour of the 620.5 eV peak. 
f ) No d e p o s i t i o n was observed i n the t a i l r e gion under any of t h e 
experimental c o n d i t i o n s used. 
X-ray degradation was found to occur f o r the two samples chosen a t 
random : a mid-flow r a t e , i n c o i l sample d e p o s i t e d a t 21W"and a low 
flow r a t e sample d e p o s i t e d upstream a t 42W. The o v e r a l l i o d i n e content 
decreased f o r both samples, although the r a t i o of c o v a l e n t to i o n i c 
environments remained unchanged f o r the 21W f i l m . C o nverting the peak 




SAMPLE I N O 
21W undegraded 34 27 4 
degraded 21 22 3 
42W undegraded 22 21 1 
degraded 16 14 4 
Binding Energy / eV 




















TABLE 4.6 X-ray Degradation of A l l y l Cyanide / Io d i n e Plasma Polymers 
A l l f i g u r e s a r e given as a r a t i o per 100 carbon atoms. Hence both 
i o n i c and c o v a l e n t i o d i n e a r e degraded f o r the 21W sample, but only 
c o v a l e n t i o d i n e i s l o s t t o any extent from the 42W f i l m . S i m i l a r l y , i t 
i s t h e 400.8 eV peak a r e a which i s degraded i n a b s o l u t e terms f o r the 
Nls envelope, i n d i c a t i n g t h a t the n i t r i l e groups a r e not l a b i l e here. 
Exposure of the 42W low flow r a t e sample to the atmosphere over a 
p e r i o d of 4 days, Table 4.7, showed t h a t the i o d i n e content dropped by 
50% i n the f i r s t 24 hours. T h i s r e s u l t i s p a r t i a l l y due t o x-ray 
degradation of the sample as shown above; however, uptake of oxygen 
was a l s o observed. Again, the maximum r a t e of Uptake - presumably due 
to quenching of f r e e r a d i c a l s i n the f i l m s u r f a c e - oc c u r s over the 
f i r s t day, f a l l i n g to about l / 6 t h of i t s o r i g i n a l v a l u e o v e r a l l . 
The decrease seen i n the n i t r o g e n content of the f i l m s was 
probably caused by x-ray degradation together w i t h build-up of 
extraneous hydrocarbon contamination on the s u r f a c e of the f i l m during 
repeated a n a l y s i s by ESCA, as suggested by the lower n i t r o g e n to carbon 
r a t i o s found f o r a 70 degree t a k e - o f f angle. The Nls envelopes showed 
a 9:7 r a t i o i n favour of n i t r i l e groups, i n c r e a s i n g to 2:1 a f t e r 48 
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ELEMENTAL ANALYSIS Binding Energy / eV 
No. per 100 C atoms Nls I 3 d 5 / 2 
SUBSTRATE POWER FLOW DAYS I N O 399.3 400.8 618.5 620.5 
POSITION i n a i r 
UPSTREAM 42 0.28 0 18 16 4 56/9 44/7 42/8 58/10 
1 9 13 9 64/8 36/5 34/3 66/6 
I 1 5 11 11 65/7 30/3 32/2 68/3 
2 7 12 10 63/8 37/4 41/3 59/4 
4 4 12 14 63/8 37/4 34/1.5 66/2.5 
4 1 3 9 12 66/6 34/3 31/1 69/2 
NOTE : 1. Those samples annotated by 1 were run a t a 70 degree t a k e - o f f 
angle; the remainder a t 35 degrees. 
2. The n i t r o g e n and i o d i n e envelopes a r e shown as both a 
percentage of the envelope and a r a t i o v e r s u s carbon. Thus 
56/9 i n the Nls r e p r e s e n t s 56% of the Nl s peak area and a 
r a t i o of 9:100 f o r N:C. 
Table 4.7 - A l l y l Cyanide Plasma Polymerized i n the Presence 
of I o d i n e Vapour and s t o r e d i n A i r 
hours, w h i l s t the covalent to i o n i c i o d i n e r a t i o - as shown i n the 
I3d^^2 envelopes - i n c r e a s e s from 1.25:1 to 2:1 over 4 days. How much 
of t h e s e l a t t e r o b s e r v a t i o n s a r e due to exposure of the f i l m s to the 
atmosphere, and how much to X-ray degradation, i s u n c l e a r . 
A l l the plasma p o l y m e r i z a t i o n s o u t l i n e d above were c a r r i e d out 
u s i n g a l l y l cyanide / i o d i n e premixed i n a T-piece p r i o r to e n t e r i n g 
the plasma chamber. The system was t h e r e f o r e a l t e r e d such t h a t i o d i n e 
vapour d i d not come i n t o c ontact with the monomer vapour u n t i l the 
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l a t t e r was i t s e l f a l r e a d y i n the main chamber, F i g u r e 4.11. A 42W 
plasma was i g n i t e d i n a medium flow r a t e of a l l y l cyanide 
3 -1 
(0.48cm c_, Dmin ) i - n order to see what e f f e c t , i f any, t h i s a l t e r a t i o n 
O X XT 
of i o d i n e i n l e t p o s i t i o n might have on the system. T h i s proved q u i t e 
marked f o r the i n c o i l s u b s t r a t e p o s i t i o n , Table 4.8, w i t h both i o d i n e 
ELEMENTAL RATIOS Binding Energy / eV 
No. per 100 C atoms Nls l 3 d 5 / 2 
SUBSTRATE INLET I N O 399.3 400.8 618.5 620.5 
POSITION 
IN COIL 0 34 27 4 36/10 64/17 62/21 38/13 
C 23 19 3 58/11 42/8 37/8.5 63/14.5 
UPSTREAM 0 26 17 2 60/10 40/7 32/8.5 68/17.5 
C 26 17 2 64/11 36/6 33/8.5 67/17.5 
NOTE : 1. The n i t r o g e n and i o d i n e envelopes a r e shown as both a 
percentage of the envelope and a r a t i o v e r s u s carbon. Thus 
36/10 i n the Nls r e p r e s e n t s 36% of the Nls peak a r e a and a 
r a t i o of 10:100 ( i e 1:10). 
2 . 0 = monomer i n l e t i n o r i g i n a l p o s i t i o n , C = i n main chamber. 
TABLE 4.8 E f f e c t of Moving Iodine Vapour I n l e t 
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and n i t r o g e n contents decreased i n comparison w i t h the o r i g i n a l r e s u l t 
obtained. Only the oxygen content remained unchanged, s i n c e the Nls 
and I 3 d ^ 2 envelopes a l s o showed changes - the N l s i n d i c a t i n g t h a t the 
r a t i o of n i t r i l e groups to carbon atoms i n the f i l m was unchanged a t 
about 1:10, w h i l s t the r a t i o of other n i t r o g e n environments (N-C and 
N=C) to carbon dropped by about h a l f . The r a t i o of the l a t t e r to 
n i t r i l e groups a l s o f e l l from 1.7:1 to 0.73:1 - i e n i t r i l e s now account 
f o r more than h a l f of the n i t r o g e n p r e s e n t . The r a t i o s of i o n i c and 
c o v a l e n t i o d i n e to carbon r e s p e c t i v e l y changed from 0.21:1 and 0.13:1 
to 0.09:1 and 0.15:1, such t h a t the abundance of i o n i c s p e c i e s i n the 
f i l m over c o v a l e n t p r e v i o u s l y found (1.6:1) was r e v e r s e d (to 1:1.7). 
I n c o n t r a s t , the f i l m d e p o sited i n the upstream r e g i o n showed l i t t l e 
d i f f e r e n c e as a r e s u l t of the i n l e t change. No d e p o s i t i o n o c c u r r e d i n 
the t a i l r e gion f o r e i t h e r p o s i t i o n . Why t h i s p o s i t i o n a l dependence of 
the i o d i n e i n l e t a f f e c t s only the i n c o i l s u b s t r a t e i s not f u l l y 
understood. However, the r e s u l t i n d i c a t e s t h a t the decrease i n the 
i o d i n e content i n the plasma polymer i s l i n k e d to the r a t i o of n i t r i l e 
t o o ther n i t r o g e n s p e c i e s o c c u r r i n g i n the f i l m - t h e lower the n i t r i l e 
content of the f i l m , the higher the r a t i o of i o n i c t o c o v a l e n t i o d i n e . 
T h i s can be accounted f o r by the l o s s of CN by monomer molecules to 
g i v e a l l y l c a t i o n s as counter ions f o r I and I ^ . 
I l l Summary 
A l l y l cyanide plasma polymers d e p o s i t q u i t e r e a d i l y i n the 
presence of i o d i n e vapour, but only i n the glow volume. Hence the 
nature of the f i l m s formed i s dependent not only on the power and flow 
r a t e of the system, but a l s o the p o s i t i o n of the s u b s t r a t e and i o d i n e 
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vapour i n l e t i n the r e a c t o r chamber i n r e l a t i o n to the e x t e n t of the 
glow r e g i o n . A n a l y s i s of the f i l m s formed by ESCA ( F i g u r e 4.2b) and UV 
a b s o r p t i o n spectrometry ( F i g u r e 4.7) r e v e a l e d the presence of i o n i c 
i o d i n e environments. Although, the peak s e p a r a t i o n i s the same as f o r 
c h l o r o a c r y l o n i t r i l e (79 + 0.5 nm), such t h a t 1^ i s a g a i n thought to be 
r e s p o n s i b l e , a g r e a t e r a b s o l u t e absorbance o c c u r r e d f o r the a l l y l 
c yanide f i l m s , r e f l e c t i n g a much higher r a t i o of i o n i c t o c o v a l e n t 
environments as found i n the I 3 d ^ 2 spectrum. Some of the f i l m s proved 
t o be X-ray degradable, w h i l s t a l l took up oxygen on s t a n d i n g i n a i r . 
T h i s a l s o caused l o s s of i o d i n e s p e c i e s , i n p a r t i c u l a r the p o l y i o d i d e 
i o n , the absorbance of which i n the UV was found t o have disappeared 
a f t e r four or f i v e days. The r a t i o of i o n i c t o c o v a l e n t i o d i n e was 
found to be l i n k e d to t h a t f o r n i t r i l e t o other (N-C and N=C) n i t r o g e n 
environments, and was a t t r i b u t e d to formation of a l l y l i c c a t i o n s to 
b a l a n c e t h e number of i o n i c i o d i n e s p e c i e s i n the f i l m to e f f e c t 
o v e r a l l n e u t r a l i t y . 
S i n c e the v i s i b l e plasma glow i s due to e m i s s i o n s i n the v i s i b l e 
r e g i o n from e l e c t r o n impacted e x c i t e d s t a t e s (whether i o n s or n e u t r a l 
s p e c i e s ) r e t u r n i n g to t h e i r ground s t a t e s , the absence of t h e s e must 
aga i n be l i n k e d to the absence of f i l m d e p o s i t i o n outside" the glow 
volume. Using Ward's evidence t h a t s u r f a c e photopolymers of the 
analogous compound a l l y l i o d i d e could not be o b t a i n e d i n the UV> i t 
seems l i k e l y t h a t e x c i t e d s t a t e chemistry below the i o n i s a t i o n 
p o t e n t i a l does not p l a y the same important r o l e i n plasma 
p o l y m e r i z a t i o n here as f o r the a c r y l o n i t r i l e f a m i l y . I n p a r t i c u l a r , 
the r a d i c a l a d d i t i o n mechanism suggested f o r the l a t t e r i s u n l i k e l y t o 
occur f o r the a l l y l cyanide system, f i r s t l y i n view of the probable 
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e x i s t e n c e of a l l y l c a t i o n s i n the d e p o s i t e d polymer f i l m , t ogether with 
the s t r o n g presence of i o n i c i o d i n e s p e c i e s , both of which i l l u s t r a t e 
not only the importance of i o n chemistry i n t h i s c a s e , but a l s o the 
d i f f e r i n g e x c i t e d s t a t e s , and hence chemistry, compared to the 
a c r y l o n i t r i l e f a m i l y . . 
4.5 A l l v l Cyanide / Bromine 
Bromine was in t r o d u c e d to the system as a d i r e c t s u b s t i t u t e f o r 
i o d i n e i n order to compare the e f f e c t between the two halogens. S i n c e 
bromine was found to have a much hig h e r vapour p r e s s u r e as measured by 
the P i r a n i head (0.4mb), an Edwards needle v a l v e was used t o c o n t r o l 
i t s p a r t i a l p r e s s u r e and hence flow r a t e . V a r i a t i o n of the plasma 
p o l y m e r i z a t i o n p r o c e s s was monitored with r e s p e c t t o power and monomer 
flow r a t e . 
I V a r i a b l e Power 
3 -1 
0.18cm c_, Dmin of a l l y l cyanide, corresponding t o a p a r t i a l 
p r e s s u r e of 0.08mb, was premixed i n a T-piece w i t h bromine vapour p r i o r 
to e n t r y i n t o the main chamber a t O.lmb t o t a l p r e s s u r e . A plasma was 
i g n i t e d i n the u s u a l manner, the glow volume (purple i n c o l o u r ) being 
i n i t i a l l y c o n f i n e d to the c o i l r egion. I n c r e a s i n g the power input to 
the system i n c r e a s e d the glow volume. More i m p o r t a n t l y , d e p o s i t i o n was 
found t o occur o u t s i d e t h i s , immediately p r o v i d i n g a c o n t r a s t with 
a l l y l cyanide / i o d i n e . S u b s t a n t i a l d e p o s i t i o n o c c u r r e d i n both the 
upstream and t a i l r e g i o n s i n a d d i t i o n to i n - c o i l ; i e s i m i l a r to the 
ca s e f o r a plasma of pure a l l y l cyanide. I n i t i a t i o n of a plasma i n the 
l a t t e r f o l l o w e d by i n t r o d u c t i o n of bromine vapour a t a l a t e r stage 
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r e s u l t e d i n a shrinkage of the glow volume. Heating the bromine 
monomer tube w i t h a h a i r d r y e r i n c r e a s e d the amount of bromine i n the 
main chamber and r e s t r i c t e d the glow volume to t h a t of t h e c o i l r egion. 
The chemical composition of the f i l m s obtained a t 20W and 40W was 
obta i n e d by ESCA, Table 4.9. T y p i c a l core l e v e l s p e c t r a a r e shown i n 
F i g u r e 4.9. Depth p r o f i l i n g s t u d i e s showed t h a t the polymer was 
e f f e c t i v e l y homogeneous; however, an x-ray degradation study proved 
the bromine content to be l a b i l e . T h i s l a s t r e s u l t , t o gether with the 
r e l a t i v e l a c k of r e p r o d u c i b i l i t y f o r the 20W sample f o r the bromine 
l e v e l (those of n i t r o g e n and oxygen remained con s t a n t w i t h i n 
e x p e r i m e n t a l e r r o r ) suggested t h a t a t l e a s t some bromine might be 
p h y s i c a l l y , r a t h e r than c h e m i c a l l y , i n c o r p o r a t e d i n t o the f i l m . That 
p h y s i c a l a d s o r p t i o n onto s u r f a c e s e a s i l y o ccurs was shown by a c o n t r o l 
experiment i n which bromine was i n t r o d u c e d i n t o the r e a c t o r i n the 
absence of monomer, c o a t i n g a l l s u r f a c e s ( g l a s s and s u b s t r a t e ) q u i t e 
t h i c k l y . Repeated use of the Edwards needle v a l v e was a l s o found to 
r e s u l t i n bromine d e p o s i t i o n i n s i d e the v a l v e i t s e l f over a p e r i o d of 
time, n e c e s s i t a t i n g r e g u l a r c l e a n i n g . 
The main p o i n t s of i n t e r e s t re chemical composition as r e v e a l e d by 
ESCA were : 
a) Elemental a n a l y s i s gave an i n i t i a l l y v e r y high Br:C r a t i o 
(68:100) a t 7W f o r the i n - c o i l region which dropped on i n c r e a s i n g the 
power. However, the l a c k of r e p r o d u c i b i l i t y of t h i s r a t i o (as 
commented on above) i s d i f f i c u l t to e x p l a i n but would be c o n s i s t e n t 
w i t h d i f f e r i n g amounts of molecular bromine being adsorped i n t o the 
f i l m . The N:C r a t i o showed a minimum a t 40W, w h i l s t the oxygen l e v e l 
g e n e r a l l y i n c r e a s e d with power. 
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b) Upstream of the c o i l the maximum bromine uptake o c c u r r e d a t 
20W, s i m i l a r l y l a r g e amounts being found a t 7W and 60W. The n i t r o g e n 
l e v e l i n c r e a s e d between 7W and 20W, remaining c o n s t a n t w i t h i n 
experimental e r r o r t h e r e a f t e r . Incomplete coverage of the aluminium 
s u b s t r a t e was observed a t 7W, no d e p o s i t i o n o c c u r r i n g o u t s i d e of the 
glow volume under t h i s c o n d i t i o n . F u l l d e p o s i t i o n o c c u r r e d as the 
power was i n c r e a s e d , i n d i c a t i n g t h a t the a l l y l cyanide / bromine system 
i s power d e f i c i e n t compared to t h a t of a l l y l cyanide / i o d i n e , which 
was found t o be monomer d e f i c i e n t . I n t r o d u c t i o n of a f o u r t h s u b s t r a t e 
3cm upstream from the i n c o i l p o s i t i o n (1) - i e mid-way between t h i s and 
the o r i g i n a l upstream p o s i t i o n ( 2 ) - gave a n i t r o g e n content and Nls 
envelope s i m i l a r to ( 2 ) , whereas the bromine content proved more 
s i m i l a r t o t h a t f o r the i n - c o i l sample ( 1 ) . 
c) F u l l d e p o s i t i o n o c c u r r e d i n the t a i l r e g i o n except a t 7W (as 
f o r t h e upstream p o s i t i o n ) . The l e v e l of bromine content was e r r a t i c 
w i t h r e s p e c t to power and showed l i t t l e evidence of r e p r o d u c i b i l i t y 
even a t t h e same power. A r a t i o of 2:1 was maintained i n the Nls 
envelope i n favour of the 399.3 eV peak (corresponding to i n t a c t cyano 
/ n i t r i l e groups i n the f i l m ) over t h a t a t 400.8 eV (N-C and N=C 
environments). T h i s r a t i o showed no change w i t h i n experimental e r r o r 
over the s e r i e s . The corresponding r a t i o f o r the upstream p o s i t i o n was 
7:3, w h i l s t t h a t i n c o i l dropped from 4:1 at 7W to about 2:1 a t 20W. 
S i n c e no shoulder was v i s i b l e i n the Nls spectrum, the presence of 
n i t r o g e n c a t i o n s can be discounted. 
d) The Br3d envelope was peak f i t t e d to check f o r the presence of 
i o n i c environments. I n a d d i t i o n to the expected ( s p i n coupled) peaks 
o c c u r r i n g a t 69 and 70 + 0.5 eV (due to Br3d . and Br3d . , F i g u r e 
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FIGURE 4.10 Br3d Core L e v e l Spectrum ( M o l e c u l a r Bromine). 
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I n c o m p l e t e Coverage of t h e Aluminium S u b s t r a t e . 
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4.10), a t t r i b u t e d to bromine c o v a l e n t l y bonded to carbon and/or 
molec u l a r bromine, a shoulder was evi d e n t i n many f i l m s , to the low 
bi n d i n g energy (BE) s i d e which c o u l d not be accounted f o r by s p i n 
c o u p l i n g , so t h a t a t l e a s t two environments were p r e s e n t . The 
chemical s h i f t was determined to be about 2 eV to lower BE, and so was 
a s s i g n e d to i o n i c bromine. Two f u r t h e r environments were a l s o seen. 
The f i r s t , some 2 eV to higher b i n d i n g energy than those peaks a s s i g n e d 
t o bromine c o v a l e n t l y bonded to carbon (the l a t t e r being found a t 6 9 + 
0 . 3 eV and 70 + 0.3 eV) only arose f o r one sample, the repeat 
experiment a t 20W which gave an abnormally high bromine to carbon 
r a t i o ; the second, F i g u r e 4.11, some 4 eV hi g h e r again, was seen 
whenever an A12p s i g n a l was v i s i b l e , i e whenever incomplete coverage of 
t h e s u b s t r a t e occurred, and so must be due t o i n t e r a c t i o n between 
bromine and the aluminium s u b s t r a t e s u r f a c e . Table 4 . 9 a l s o shows a 
rough correspondence between the peak area r a t i o s of the Br3d peaks due 
to i o n i c s p e c i e s and the o v e r a l l bromine content of the f i l m s - a high 
number of i o n i c r e l a t i v e to c o v a l e n t environments o c c u r r e d when the 
bromine to carbon elemental r a t i o was low, and v i c e - v e r s a . No obvious 
l i n k was apparent between the l e v e l of i o n i c bromine i n the f i l m and 
the percentage of n i t r i l e groups or other n i t r o g e n environments as seen 
i n the Nls envelope, i n c o n t r a s t to the s i t u a t i o n f o r i o n i c i o d i n e 
s p e c i e s i n s e c t i o n s 4.3 and 4.4. However, the r a t i o of peak a r e a s 
( 3 9 9 . 3 eV : 400.8 eV) remained remarkably c o n s t a n t a t about 2:1 f o r the 
t a i l r e g i o n f i l m s , v a r y i n g s l i g h t l y f o r both the i n - c o i l and upstream 
p o s i t i o n s . 
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ELEMENTAL RATIOS 
No./ 100 C atoms Nls (BE/eV) Br3d ENVIRONMENTS 
SUBSTRATE POWER Br N O A l 399.3 400.8 (A) (B) (C) (D) 
POSITION i n W r e l a t i v e %' s 
IN COIL 7 68 19 5 79/15 21/4 0 100 - -
20 10 19 10 67/13 33/6 40 60 - -
2 0 2 43 21 10 65/14 35/7 5 95 - -
• 40 9 13 8 71/9 29/4 24 76 - -
4 0 3 8 13 9 72/9 28/4 18 82 - -
60 25 25 13 69/17 31/8 8 92 - -
UPSTREAM 7 22 18 Y not f i t t e d 5 64 - 31 
2 0 4 12 26 11 72/19 28/7 60 40 - -
20 55 25 - 75/19 25/6 6 94 - -
40 18 23 12 67/15 3 3/8 38 62 - -
60 25 25 10 66/16 34/9 66 34 - -
TAIL 7 no d e p o s i t i o n Y not f i t t e d not f i t t e d Y 
20 14 27 14 63/18 34/9 65 35 - -
20 54 23 13 62/14 38/9 7 42 52 -
2 0 5 38 27 14 62/17 28/10 11 89 - -
40 15 27 15 65/18 35/9 46 54 -
60 22 20 20 66/13 34/7 21 78 - -
NOTES: 1. (A) corresponds to the low BE ( i o n i c ) peaks; (B) t o c o v a l e n t 
(69&70V + 0.3 eV); (C) to a +2 eV s h i f t , (D) to +6 eV s h i f t , both 
compared to (B) . 2 . Repeat experiment. 3. Run a t 70° t a k e - o f f angle. 
4. S u b s t r a t e here 3cm upstream only. 5. X-ray degradation experiment. 
6. 66/26 i n Nls data= 66% of t o t a l peak a r e a and an N:C r a t i o of 26:100 
TABLE 4.9 A l l y l Cyanide / Br Plasma Polymers - ESCA Data 
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F i n a l l y , on i g n i t i n g a plasma a t 60W w i t h the bromine tap f u l l y 
open ( i e a t vapour p r e s s u r e ) and heated w i t h a h a i r d r y e r to i n c r e a s e 
the r a t i o of bromine to a l l y l cyanide molecules i n the main chamber to 
a maximum, the glow volume was co n f i n e d to the c o i l r e g i o n . U n l i k e the 
case f o r a l l y l cyanide / i o d i n e , d e p o s i t i o n was s t i l l found to occur i n 
the upstream and t a i l r e g i o n s , although an A12p s i g n a l was seen on ESCA 
a n a l y s i s , i n d i c a t i n g t h a t the s u b s t r a t e was not completely covered by 
the d e p o s i t e d f i l m . . The r e s u l t s , Table 4.10, showed a high n i t r o g e n 
content i n the plasma polymer. The n i t r o g e n t o carbon r a t i o i n the 
t a i l r e g i o n , a t 1:4, was the same as t h a t expected from a co n v e n t i o n a l 
a l l y l cyanide homopolymer. 
ELEMENTAL RATIOS 
No./ 100 C atoms Nls (BE/eV) Br3d ENVIRONMENTS 
SUBSTRATE POWER Br N 0 A l 399.3 400.8 (A) (B) (C) (D) 
POSITION i n W r e l a t i v e %' s 
IN COIL 60 33 17 - Y 66/11 34/6 41 38 21 
UPSTREAM 60 32 18 - Y 66/12 34/6 8 82 10 
TAIL 60 20 26 - Y 66/17 34/9 31 48 21 
NOTES: 1. (A) corresponds to the low BE ( i o n i c ) peaks; (B) to co v a l e n t 
(69&70V + 0.3 eV); (C) to a +2 eV s h i f t , (D) t o + 6 eV s h i f t , both 
compared t o (B) . 2. Nls peaks are exp r e s s e d both as a % of the t o t a l 
envelope a r e a and as a r a t i o with r e s p e c t to carbon, i e 66/11 = 66% and 
a r a t i o of 11:100. 
TABLE 4.10 E f f e c t of Heated Bromine Vapour 
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The r a t i o of the peak ar e a f o r 399.3 eV to t h a t f o r 4 0 0 . 8 eV was 2:1 
f o r a l l s u b s t r a t e p o s i t i o n s w h i l s t a high l e v e l of i o n i c bromine was 
found f o r the upstream and t a i l r e g i o n s . The high b i n d i n g energy Br3d 
environment, due to i n t e r a c t i o n with the aluminium s u b s t r a t e , was seen 
throughout. 
I I V a r i a b l e Flow Rate 
On i n c r e a s i n g the p a r t i a l p r e s s u r e of bromine i n the system i t was 
found t h a t the i n s i d e of the P i r a n i head q u i c k l y became t o t a l l y coated, 
such t h a t determination of the t r u e system t o t a l p r e s s u r e and flow r a t e 
was u n r e l i a b l e . The s e r i e s was t h e r e f o r e c a r r i e d out by measuring the 
p a r t i a l p r e s s u r e and flow r a t e of a l l y l cyanide i n the absence of 
bromine and then i s o l a t i n g the P i r a n i head p r i o r to i n t r o d u c i n g bromine 
i n t o the T-piece at i t s vapour p r e s s u r e . The t o t a l p r e s s u r e was then 
q u i c k l y measured before c o a t i n g of the P i r a n i head c o u l d occur, and was 
found to be a constant 0.19mb throughout. The r e s u l t s a re p r e s e n t e d as 
a f u n c t i o n of the p a r t i a l p r e s s u r e of a l l y l cyanide, Table 4.11. 
a) Bromine to carbon elemental r a t i o s as determined by ESCA showed 
l i t t l e v a r i a t i o n i n the i n - c o i l region, a l l f i l m s g i v i n g r e s u l t s i n the 
r e g i o n of 0 . 5 / 0 . 6 : 1 with r e s p e c t t o carbon. E q u i v a l e n t f i g u r e s f o r 
the t a i l r e gion were 0.3 + 0.1 : 1., w i t h no d i s c e r n i b l e p a t t e r n . 
Oxygen content remained low throughout. 
b) Nitrogen content i n c o i l was s i m i l a r t o t h a t i n s e c t i o n I . The 
t a i l r e gion showed a decrease to s i n g l e f i g u r e s , a l l f i l m s showing 
incomplete s u b s t r a t e coverage such t h a t an Al2p s i g n a l was v i s i b l e . 
c) The upstream p o s i t i o n a l s o gave incomplete coverage, with 
l i t t l e evidence f o r any d e p o s i t i o n at a l l a t two p r e s s u r e s . The 
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presence of a high b i n d i n g energy environment has a l r e a d y been 
a t t r i b u t e d to i n t e r a c t i o n of bromine w i t h the aluminium s u b s t r a t e ; the 
extremely high i n t e n s i t y seen on the two o c c a s i o n s when f i l m was not 
observed to d e p o s i t suggests t h a t p h y s i c a l a d s o r p t i o n of molecular 
bromine onto the s u r f a c e of the aluminium has i n f a c t occurred. I t i s 
worth n o t i n g here t h a t both the upstream and t a i l r e gion s u b s t r a t e s 
f e l l o u t s i d e the glow volume/ which i n t u r n was found to s h r i n k with 
i n c r e a s i n g a l l y l cyanide flow r a t e . The consequent decrease i n 
d e p o s i t i o n r a t e observed f o r the system as a whole thus again 
c l a s s i f i e s i t as power, r a t h e r than monomer, d e f i c i e n t (see s e c t i o n I ) . 
d) The two f i l m s i n the t a i l r e gion f o r which complete d e p o s i t i o n 
was observed r e v e a l e d two Br3d environments a t about 2 eV higher 
b i n d i n g energy than f o r the remainder, the core l e v e l s p e c t r a being 
s i m i l a r to those reported i n f o r the 20W t a i l r e g i o n sample reported 
above ( s e c t i o n I ) . 
ELEMENTAL RATIOS 
PARTIAL No./ 100 C atoms 
SUBSTRATE PRESSURE Br N O A l 




0.1 58 20 3 
0.1 2 38 14 4 
0.11 47 17 3 
0.11 2 54 16 5 
0.13 60 18 4 
0.15 60 19 3 
0.17 60 15 3 
0.2 60 14 3 
0.1 14 3 -
0.11 14 4 -
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0.1 37 ? -
0.11 23 6 -
0.13 40 12 
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0.17 34 9 -
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TABLE 4.11 E f f e c t of I n c r e a s i n g the A l l y l Cyanide Flow Rate 
4.6 Summary 
Plasma p o l y m e r i z a t i o n of a l l y l cyanide and c h l o r o a c r y l o n i t r i l e was 
c a r r i e d out i n the presence of i o d i n e (both monomers) and bromine 
( a l l y l cyanide o n l y ) . I n h i b i t i o n of the glow volume and f i l m formation 
were found to occur when halogen vapour was i n t r o d u c e d i n t o the plasma, 
i o d i n e i n p a r t i c u l a r p r e v e n t i n g f i l m d e p o s i t i o n o u t s i d e the glow 
region. V a r i a t i o n of d e p o s i t i o n r a t e with power input and flow r a t e 
showed t h a t c h l o r o a c r y l o n i t r i l e was power d e f i c i e n t a c c o r d i n g to 
13 
Yasuda's c l a s s i f i c a t i o n , as was a l l y l cyanide i n the presence of 
bromine. I n c o n t r a s t , the a l l y l cyanide / i o d i n e system was monomer 
d e f i c i e n t . A l l t h r e e systems gave r i s e to i o n i c halogen s p e c i e s , the 
1^ i o n being determined by UV absorption spectrometry and degrading on 
s t a n d i n g i n a i r . An a l l y l i c c a t i o n seems the most l i k e l y c o unterion i n 
the case of a l l y l cyanide, as proposed by Ward f o r the plasma 
p o l y m e r i z a t i o n of a l l y ! i o d i d e . ^ 
A c o n s i d e r a t i o n of r e s u l t s i n terms of the l i k e l y i n h i b i t i o n 
mechanism of f i l m d e p o s i t i o n suggests t h a t a f r e e r a d i c a l mechanism i s 
dominant i n the case of c h l o r o a c r y l o n i t r i l e plasma p o l y m e r i z a t i o n , but 
not f o r a l l y l cyanide, which g i v e s r i s e to a higher p r o p o r t i o n of i o n s 
i n the r e s u l t a n t f i l m d e p o sited i n the presence of iodine." However, 
the presence of f r e e r a d i c a l s i t e s i n the d e p o s i t e d f i l m s - as 
evidenced by the UV absorption s p e c t r a and a l s o the uptake of oxygen on 
prolonged exposure to a i r - show t h a t r a d i c a l s must p l a y a t l e a s t some 
r o l e i n the d e p o s i t i o n p r o c e s s . T h i s c o n t r a s t s with the case f o r 
c h l o r o a c r y l o n i t r i l e as monomer, which i s thought to d e p o s i t mainly v i a 
a f r e e r a d i c a l mechanism. 
Chapter 5. 
DEPOSITION OF ORGANIC THIN FILMS BY PHOTOCHEMICAL TECHNIQUES 
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5.1 I n t r o d u c t i o n 
Absorption of r a d i a t i o n may have v a r y i n g e f f e c t s on a chemical 
r e a c t i o n , from s u b t l e changes i n r e a c t i o n r a t e to d r a s t i c a l t e r a t i o n 
of r e a c t i o n pathway.^" Hence photochemistry i s a commonly used 
technique i n both s y n t h e t i c o r g a n i c , and i n o r g a n i c , chemistry. 
E n e r g i e s a v a i l a b l e i n u l t r a v i o l e t (UV) and vacuum u l t r a v i o l e t (VUV) 
p h o t o c h e m i s t r i e s i n p a r t i c u l a r , although l e s s than those a v a i l a b l e i n 
a plasma (see chapter one), a r e g r e a t e r than f o r thermal r e a c t i o n s 
such t h a t new r e a c t i o n pathways are a v a i l a b l e . Use of photochemical 
techniques t o i n i t i a t e p o l y m e r i z a t i o n r e a c t i o n s i n the l i q u i d or s o l i d 
s t a t e s i n v o l v e s c r e a t i o n of f r e e r a d i c a l s which promote c h a i n growth. 
Gas phase photopolymerization a t low p r e s s u r e have been c a r r i e d out 
by M e l v i l l e on methyl m e t h a c r y l a t e , 2 and by Gee^ and S r i n i v a s a n 4 3 ' * 5 on 
butadiene. The l a s t of t h e s e , c a r r i e d out i n the e a r l y 1960s, 
preceded a number of s t u d i e s d u r i n g t h a t decade which showed t h i n 
f i l m s c o u l d be photochemically d e p o s i t e d from the vapour phase u s i n g 
5 6 6 UV i r r a d i a t i o n , w i t h "monomers" s t y r e n e , d i v i n y l benzene, a c r o l e i n , 
7 5 t e t r a f l u o r o e t h y l e n e and a c r y l o n i t n l e , amongst o t h e r s . These 
monomers a l l c o n t a i n C=C u n s a t u r a t i o n which would be expected to 
undergo p o l y m e r i z a t i o n v i a thermal techniques; however, other 
compounds not normally thought of as " c o n v e n t i o n a l " monomers i n t h i s 
sense can a l s o g i v e r i s e to t h i n f i l m d e p o s i t i o n on gas-phase UV 
i r r a d i a t i o n , i n c l u d i n g benzene^ 3'* 3 and the p e r f l u o r o a r o m a t i c s ' ^ ' ^ 
11 
c y c l o h e x a n o l , phenol and other aromatic compounds. T h i s means of 
t h i n f i l m polymeric d e p o s i t i o n has been termed Surface 
12 
P hotopolymenzation. The d e p o s i t i o n of benzene was only observed 
f o r the VUV region ( i e <200nm, as opposed t o c o n v e n t i o n a l , or CUV, 
i r r a d i a t i o n , which occurs at >200nm), Ward and Wishnok proposed t h a t 
i n i t i a l e x c i t a t i o n t o high e l e c t r o n i c a l l y e x c i t e d s t a t e s (eg S^) was 
f o l l o w e d by i n t e r s y s t e m c r o s s i n g to a v i b r a t i o n a l l y e x c i t e d ground 
v s t a t e (S ) , from which the photoproducts are thought to occur. A o 
s i m i l a r scheme was proposed by T i l l f o r t h e s u r f a c e 
9 
photopolymerization of perfluorobenzene. 
Organometallic and i n o r g a n i c compounds can a l s o g i v e u l t r a v i o l e t 
enhanced d e p o s i t i o n ; f o r example t r i m e t h y l aluminium d e p o s i t s 
13 
aluminium i n the VUV a t room temperature; i r o n carbonyl (Fe(CO),.) 
s i m i l a r l y g i v e s r i s e to f i l m s of both i r o n and carbon on i r r a d i a t i o n 
u s i n g a l a s e r , w h i l s t tungsten hexaf l u o r i d e ^ and d i e t h y l z i n c ^ 
a l s o g i v e r i s e to m e t a l l i c f i l m s . A l l t h e s e systems d e p o s i t i n a 
manner s i m i l a r to plasma induced chemical vapour d e p o s i t i o n . 
Although "non-conventional" monomers i n the thermal 
p o l y m e r i z a t i o n sense can g i v e r i s e to s u r f a c e photopolymers (eg 
benzene above), t h i s occurs because the "monomer" concerned has both 
s u i t a b l e chromophore able to absorb UV/VUV r a d i a t i o n , and a l s o a 
r e a c t i o n pathway v i a e x c i t e d s t a t e gas phase chemistry t h a t l e a d s t o 
photodepositing / p o l y m e r i z i n g s p e c i e s . T h i s assumes t h a t the 
i n c i d e n t r a d i a t i o n i s below the i o n i s a t i o n energy t h r e s h o l d of the 
compound being i r r a d i a t e d . The l a t t e r i s important, s i n c e many 
compounds p o s s e s s i n g chromophores do not g i v e r i s e t o f i l m d e p o s i t i o n ; 
r a t h e r they undergo i s o m e r i z a t i o n and/or decomposition or even 
c y c l o a d d i t i o n r e a c t i o n s . Deposition u s u a l l y occurs from the gas-phase 
onto a s u i t a b l e s u b s t r a t e , such as aluminium f o i l , t h a t i s i n c o n t a c t 
17 
w i t h the monomer vapour. Kunz e t a l d e p o s i t e d a p a t t e r n e d f i l m on 
the s u b s t r a t e by p l a c i n g a mask between the UV source and the 
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d e p o s i t i o n system. However t h i s work shows t h a t such p a t t e r n i n g does 
not always occur; nor do s u r f a c e photopolymers have t o be e s s e n t i a l l y 
the same i n c h a r a c t e r as those produced by c o n v e n t i o n a l means. 
Indeed, although t h a t f o r methyl m e t h a c r y l a t e i s s i m i l a r , t h o s e 
obtained f o r the unconventional "monomers" benzene and 
perfluorobenzene (which do not have o r d i n a r y homopolymers) more 
9 
c l o s e l y resemble t h e i r r e s p e c t i v e plasma polymers, such t h a t the 
l a t t e r were proposed t o occur v i a e x c i t e d s t a t e chemistry r a t h e r than 
the r a d i c a l c a t i o n mechanism as proposed by C l a r k and Shuttleworth f o r 
18 
the plasma p o l y m e r i z a t i o n of the d i f l u o r o e t h y l e n e s . Munro and T i l l 
a l s o proposed t h a t s u r f a c e photopolymerization could be used as a 
. 1 9 
s i m p l i f i e d model f o r plasma p o l y m e r i z a t i o n . 
An i n t e r m e d i a t e case was found f o r N - v i n y l p y r r o l i d o n e (NVP), f o r 
which the s u r f a c e photopolymer, when produced a t a low power to flow 
r a t e r a t i o (W/F) was s i m i l a r to the c o n v e n t i o n a l polymer, t h a t 
produced a t high W/F being c o n s i d e r a b l y d i f f e r e n t . T h e 
p o l y m e r i z a t i o n process was a l s o suggested t o be flow r a t e dependent, 
being two-photon and one-photon r e s p e c t i v e l y f o r low and high F. The 
r e l a t e d compounds N-methyl and N-ethyl p y r r o l i d o n e were found not to 
10 
g i v e r i s e to s u r f a c e photopolymers, suggesting t h a t i t i s " the v i n y l 
f u n c t i o n a l i t y t h a t i s important i n t h i s c a s e r a t h e r than t h a t of the 
g 
C=0 chromophore. On the b a s i s of t h i s i n f o r m a t i o n and t h a t of T i l l , 
the plasma p o l y m e r i z a t i o n of NVP was proposed to occur v i a an e x c i t e d 
s t a t e mechanism, with the r o l e of the v i n y l group i n p a r t i c u l a r being 
important a t low W/F. 
F i n a l l y , the s i m i l a r i t y between the t h i n f i l m s d e p osited f o r some 
monomers by both plasma and photochemical techniques suggests t h a t the 
165 
a p p l i c a t i o n s should be much the same i n many c a s e s . A c c o r d i n g l y , 
12 
s u r f a c e photopolymers have been consxdered f o r use i n c a p a c i t o r s , 
17 
p o s i t i v e and negative r e s i s t s and ( u s i n g o r g a n o m e t a l l i c s ) 
p h o t o i n i t i a t e d d e p o s i t i o n and e t c h i n g of m a t e r i a l s r e l e v a n t to 
20 
semiconductor d e v i c e s . P o t e n t i a l uses o u t s i d e the e l e c t r o n i c s world 
i n c l u d e as a method f o r d e p o s i t i o n of a f i l m e x h i b i t i n g a n t i - b l o o d 
21 
c l o t t i n g behaviour. 
5.2 Experimental Techniques 
5.2.1 L i g h t Sources 
Many l i g h t sources are used i n photochemistry; the most commonly 
found f o r UV work i s the resonance a r c lamp, i n which a low p r e s s u r e 
gas or vapour i s e x c i t e d i n an e l e c t r i c d i s c h a r g e producing v i s i b l e 
and u l t r a v i o l e t l i g h t , which i s emitted as a s e r i e s of resonance l i n e s 
of p a r t i c u l a r wavelengths. For the medium p r e s s u r e mercury a r c lamp -
the most common source f o r CUV ( i e >200nm) r a d i a t i o n - the most 
i n t e n s e emission l i n e occurs a t 254nm and dominates the spectrum, the 
remaining emissions a r i s i n g a t 297nm and 365nm, as w e l l as i n the 
v i s i b l e and i n f r a - r e d regions. A f u l l account of l i g h t so~urces, and 
experimental methods i n photochemistry i n g e n e r a l , can be found i n 
r e f e r e n c e 22, chapter 7. The region below 200nm i s known as the 
vacuum u l t r a v i o l e t (VUV); the 185nm mercury e m i s s i o n occurs i n t h i s 
r egion, and so (low pr e s s u r e ) mercury a r c lamps a re u s e f u l here as 
w e l l . However, VUV i r r a d i a t i o n i n t h i s work was c a r r i e d out u s i n g the 
r e l e v a n t e m i s s i o n s from plasmas e x c i t e d i n n i t r o g e n . That such 
23 
plasmas a r e a source of VUV was noted by C l a r k and D i l k s . 
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C h l o r i n e 
Oxygen 
NB: 1 eV = 1.6 x 10 ~~ J 
TABLE 5.1 Resonance L i n e Sources f o r Photochemical Work 









NOTE: Lamps u s i n g the gases i n Table 5.1 as VUV s o u r c e s g e n e r a l l y use 
p r e s s u r e s of about 1 t o r r , s i n c e a t higher p r e s s u r e s (eg 200 t o r r ) the 
resonance l i n e s broaden i n t o a continuum. Although u s e f u l as l i g h t 
s ources over l a r g e r wavelength ranges (a few ten s of nm) the i n t e n s i t y 
a t any p a r t i c u l a r wavelength i s much reduced compared t o t h a t obtained 
a t low p r e s s u r e . 
Gas U s e f u l Range (A°) Optimum P r e s s u r e ( t o r r ) 
Helium 580-1100 40-55 
Neon 740-1000 >60 
Argon 1050-1550 150-250 
Krypton 1250-1800 >200 
Xenon 1480-2000 >200 
24 TABLE 5.2 Rare Gas Continua 
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5.2.2 L a s e r s 
L a s e r s have a l s o found i n c r e a s i n g use i n photochemistry over the 
past twenty y e a r s or so. I n i t i a l l y , t h e s e were r e s t r i c t e d to the 
f a r - v i s i b l e and n e a r - i n f r a r e d - as r e c e n t l y as 1966 no l a s e r s were 
a v a i l a b l e commercially f o r most of the v i s i b l e and u l t r a v i o l e t ranges; 
indeed, the l a t t e r were s t i l l an are a of r e s e a r c h r a t h e r than 
22 
production. S i n c e then a v a r i e t y of l a s e r s have been produced and 
26 
used i n both the CUV (eg Argon i o n l a s e r a t 257.2 nm, Krypton 
27 
f l u o r i d e a t 248 nm ) and VUV (eg ArF excimer l a s e r a t 193 nm), as 
2 8 
w e l l as multi-photon absorption i n f r a - r e d l a s e r s , the l a t t e r c a u s i n g 
molecules to absorb many photons of ( i n f r a - r e d ) l i g h t which g i v e s them 
e n e r g i e s comparable to those o b t a i n a b l e u s i n g UV i r r a d i a t i o n . The 
m a j o r i t y of work u s i n g l a s e r s t o probe gas phase photochemistry has 
not been aimed a t the d e p o s i t i o n of o r g a n i c t h i n f i l m s , although the 
29 
photodeposition of metals i s f a i r l y common. However, an argon i o n 
26 
l a s e r of 257.2 nm was used by Tsao and E r l i c h t o form a s u r f a c e 
photopolymer of methyl methacrylate, and reviews of recent advances i n 
30a,b 
UV l a s e r photochemical vapour d e p o s i t i o n have been presented, 
w h i l s t S o l a n k i has looked a t p o s s i b l e a p p l i c a t i o n s i n 
m i c r o e l e c t r o n i c s . Tsao and E h r l i c h i n p a r t i c u l a r " c o n t r a s t e d 
techniques r e l y i n g on gas-phase and su r f a c e - p h a s e photochemistry, 
su g g e s t i n g t h a t s u r f a c e photochemistry promoted n u c l e a t i o n p r i o r to 
26 
subsequent growth by p y r o l i t i c chemical vapour d e p o s i t i o n . Other 
workers have seen polymer as a by-product. For example, I r i o n and 
32 
Kompa observed a polymer during t h e i r study of a c e t y l e n e u s i n g an 
argon f l u o r i d e l a s e r a t 193 nm, i n a d d i t i o n to the r e a c t i o n products 
e t h y l e n e and hydrogen atoms. T h e i r evidence p o i n t e d t o a pure 
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* 1 exc i t e d - m o l e c u l e mechani sm based on ^2^2 ^ Au) . Becker and Hong a l s o 
33 
saw a polymer f o r the VUV i r r a d i a t i o n of a c e t y l e n e , together w i t h 
d i a c e t y l e n e , e t h y l e n e , benzene, v i n y l a c e t y l e n e and p h e n y l a c e t y l e n e . 
I n t e r e s t i n g l y , they a l s o observed a brown polymeric d e p o s i t f o r VUV 
i r r a d i a t i o n of hydrogen cyanide gas, tog e t h e r w i t h (CN)^* methane, 
ammonia and CH^NH^. Other photochemical s t u d i e s i n t h i s area have 
shown t h a t , a t high l a s e r i n t e n s i t y , p h o t o l y s i s of cyano- and 
dic y a n o a c e t y l e n e themselves g i v e r i s e t o e x c i t e d s t a t e fragments, 
together w i t h CN" i n the ground s t a t e , a two photon p r o c e s s o c c u r r i n g 
with C^N o c c u r r i n g as an i n t e r m e d i a t e t h a t undergoes secondary 
p h o t o l y s i s . 
I t has a l r e a d y been noted t h a t i n f r a - r e d multi-photon l a s e r s 
e x i s t (IRMPD), l e a d i n g to d i s s o c i a t i o n (IRMPD) of compounds w i t h 
s i m i l a r e n e r g i e s t o those d i r e c t l y i r r a d i a t e d by (n o n - l a s e r ) s o u r c e s 
i n the UV regi o n . Multi-photon a b s o r p t i o n can a l s o occur f o r UV/VUV 
l a s e r s ; f o r example, molecular c h l o r i n e and hydrogen c h l o r i d e a r e 
e l i m i n a t e d from c h l o r i n a t e d methanes on i r r a d i a t i o n a t 193 nm wit h an 
ArF l a s e r v i a a two photon pr o c e s s - a b s o r p t i o n of the f i r s t photon 
g i v i n g i n t e r m e d i a t e s p r i o r to C l ^ / HC1 ge n e r a t i o n on ab s o r p t i o n of 
35 
the second; i r r a d i a t i o n w i t h a KrF l a s e r (248 nm) can a l s o g i v e 
r i s e t o e x c i t e d s t a t e molecular c h l o r i n e together w i t h ~HC1 i n a 
35 
v i b r a t i o n a l l y hot ground s t a t e . S i m i l a r l y , a c r y l o n i t r i l e i r r a d i a t e d 
36 
a t 193 nm can g i v e r i s e to the f o l l o w i n g primary d i s s o c i a t i o n s : 
C 2H 3CN + hv > C 2H 3* + CN' (3) 
C 2H 3CN + hv — > C 2 H 2 + HCN (4) 
together w i t h the secondary products of the s e primary fragments. 
169 
L a s e r f l a s h p h o t o l y s i s ( i n which the system under study i s 
s u b j e c t e d to a high i n t e n s i t y f l a s h of 3hort d u r a t i o n , t y p i c a l l y of 
- 9 -10 
the order 10 t o 10 s ) has been e x t e n s i v e l y used to determine the 
l i f e t i m e s of those compounds which do not emit f l u o r e s c e n c e or 
phosphorescence, and so cannot be determined by methods dependent on 
3 7 
the measurement of emitted r a d i a t i o n . The technique has a l s o been 
used to i n v e s t i g a t e the nature of p h o t o l y s i s ; hence Mori and 
coworkers have used ArF l a s e r f l a s h p h o t o l y s i s to observe the 
formation and c o l l i s i o n a l r e l a x a t i o n of hot molecules i n 
3 8 
hexafluorobenzene, w h i l s t Shimo e t a l i n v e s t i g a t e d the f l a s h 
p h o t o l y s i s of 1-alkenes i n the gas phase to monitor the e f f e c t of s i z e 
3 9 
on the formation y i e l d of ( v i b r a t i o n a l l y hot) a l l y l r a d i c a l . 
5.2.2 Window M a t e r i a l 
S u i t a b l e window m a t e r i a l s f o r work i n t h e c o n v e n t i o n a l and vacuum 
25 
u l t r a v i o l e t a r e given i n Table 5.3 . S p e c t r o s i l B windows were used 
i n t h e CUV, and c a l c i u m f l u o r i d e i n the VUV r e g i o n s . Magnesium 
f l u o r i d e ( c u t - o f f c a . 120 nm) was a l s o considered, but CaF^ p r e f e r r e d 
to ensure t h a t a l l i r r a d i a t i o n was c a r r i e d out below t h e i o n i s a t i o n 
t h r e s h o l d (most o r g a n i c molecules have i o n i s a t i o n e n e r g i e s i n the 
r e g i o n of about 10 eV, i e 120nm)^. S i n c e t r a n s m i s s i o n 
c h a r a c t e r i s t i c s a r e g e n e r a l l y poor f o r about 10-20 nm above the 
c u t - o f f p o i n t , 100% t r a n s m i s s i o n probably only o c c u r r e d above 140 nm. 
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Fused S i l i c a 160 
Calcium F l u o r i d e 122 
Magnesium F l u o r i d e 115 
L i t h i u m F l u o r i d e 105 
Known commercially as S u p r a s i l or S p e c t r o s i l B 
TABLE 5.3 Window M a t e r i a l s f o r Photochemical Work 
5.3 P o t e n t i a l Monomers 
Chapters 2 and 3 o u t l i n e d the plasma p o l y m e r i z a t i o n of f l u o r i n e 
and n i t r i l e c o n t a i n i n g compounds w h i l s t r e f e r e n c e has been made above 
to s i m i l a r i t i e s observed f o r f i l m s d e p o s i t e d by plasma and s u r f a c e 
9 10 
photochemical techniques f o r perfluobenzene and NVP . C h l o r o a c r y l o -
n i t r i l e has been shown to g i v e a s u r f a c e photopolymer by Hiraoka and 
69a 
Lee . I t was t h e r e f o r e chosen here together w i t h t r i f l u o r o e t h y l e n e 
as p o t e n t i a l compounds f o r s u r f a c e photopolymerization i n the CUV and 
VUV r e g i o n s due to the presence of e t h y l e n i c u n s a t u r a t i o n and carbon 
- halogen chromophore. M e t h a c r y l o n i t r i l e was chosen as a c o n t r a s t 
s i n c e t h e C-Cl chromophore i n t h i s monomer i s r e p l a c e d by a methyl 
group. The e f f e c t of power ( i n the form of photon f l u x ) , flow r a t e 
and wavelength on the chemical composition of the r e s u l t a n t f i l m s was 
i n v e s t i g a t e d as r e v e a l e d by ESCA to see i f t h e r e was any s i m i l a r i t y to 
171 
the r e s u l t s f o r plasma p o l y m e r i z a t i o n . I f so, i t was f e l t t h a t a 
knowledge of the e x c i t e d s t a t e photochemistry i n v o l v e d might g i v e an 
i n s i g h t i n t o the e x c i t e d s t a t e chemistry o c c u r r i n g i n the plasma. 
5.4 Experimental 
I n i t i a l p o l y m e r i z a t i o n experiments were c a r r i e d out i n t h e same r e a c t o r 
chamber as t h a t d e s c r i b e d i n chapter 2, except t h a t a c a l c i u m f l u o r i d e 
windo'w was i n s e r t e d i n t o the system to s e p a r a t e i t i n t o a two h a l v e s , 
F i g u r e 5.1. Each s i d e was pumped by an Edwards ED2M2 21s ^ pump, a 
t y p i c a l base p r e s s u r e of 0.02mb being achieved. VUV i r r a d i a t i o n was 
c a r r i e d out by i n i t i a t i n g an Argon ( l a t e r Nitrogen) plasma a t 0.4mb on 
the r i g h t hand s i d e of the window, the monomer vapour of i n t e r e s t 
e n t e r i n g the l e f t where d e p o s i t i o n was to occur on aluminium f o i l as 
s u b s t r a t e . The 50W plasma was s u s t a i n e d f o r a c o n t r o l l e d time p e r i o d 
(1-12 hours) u s i n g a Tegal Corporation 13.56 Mz RF generator w i t h 
matching LC network. A n a l y s i s was c a r r i e d out on the K r a t o s ES300 
spectrometer i n the u s u a l manner (see chapter 3) . I r r a d i a t i o n i n t h e 
CUV was a c h i e v e d by r e p l a c i n g the plasma chamber with an O r i e l 
S c i e n t i f i c 200W medium p r e s s u r e Hg/Xe a r c lamp. T h i s set-up was prone 
to high l e a k r a t e s compared to the monomer flow r a t e , l e a d i n g to high 
oxygen uptake, and so was r e f i n e d to a one i n c h diameter system as 
shown i n F i g u r e 5.3, which a l s o enabled the CaF^ window to be s c a l e d 
down i n s i z e (to 30mm x 5mm i n s t e a d of 50mm x 5mm) . The window was 
c l e a n e d a f t e r each experiment u s i n g a 100W oxygen plasma and i t s UV 
spectrum taken t o check t h a t a l l polymer had been removed. 
EXPERIMENTAL CONFIGERATION 
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FIGURE 5.1 I n i t i a l S u r f a c e Photopolymerization Apparatus 
Viton 





FIGURE 5.3 One Inch Diameter Photopolymerization Apparatus 
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5.5 T r i f l u o r o e t h v l e n e and R e l a t e d Compounds 
5.5.1 R e s u l t s 
The f i r s t monomer s t u d i e d was t r i f l u o r o e t h y l e n e , i r r a d i a t e d i n 
the VUV u s i n g an argon plasma. An i n i t i a l d e p o s i t i o n p e r i o d of four 
hours on a gold s u b s t r a t e gave only a C l s spectrum t y p i c a l of 
hydrocarbon contamination, F i g u r e 5.4a. R a i s i n g the d e p o s i t i o n time 
to 1'2 hours showed p o s s i b l e evidence f o r peaks a t higher b i n d i n g 
e n e r g i e s than the 285.0 eV hydrocarbon peak. Using the Kratos Data 
A n a l y s i s Package, the t y p i c a l C l s envelope was s u b t r a c t e d from t h e 
a c t u a l spectrum obtained to g i v e t h a t shown i n F i g u r e 5.4b. Although 
q u a l i t a t i v e r a t h e r than q u a n t i t a t i v e , the s h i f t s of the peaks d e t e c t e d 
correspond to the f o l l o w i n g c a r b o n - f l u o r i n e environments - CH (and 
carbon not d i r e c t l y bonded to f l u o r i n e ) , C-CF, Q-CF , C-F, CF„ and 
n 2 
CFg, and so the presence of a s u r f a c e photopolymer was i n f e r r e d . 
S i n c e £F^ groups and carbon atoms not d i r e c t l y bonded to a f l u o r i n e 
atom were present i n the s u r f a c e photopolymer but not the monomer, 
p o l y m e r i z a t i o n cannot have taken p l a c e v i a e i t h e r a f r e e r a d i c a l c h a i n 
or s t e p growth mechanism. Comparison with the C l s envelopes obtained 
i n c h a p t e r 2 i n d i c a t e s t h a t the chemical composition of the s u r f a c e 
photopolymer i s a k i n to the plasma polymer. S u b s t r a t e o v e r l a y e r 
c a l c u l a t i o n s i n d i c a t e d the f i l m t h i c k n e s s a t about 10A°. Re p l a c i n g 
the gold s u b s t r a t e with aluminium f o i l was found to i n c r e a s e t h i s 
t h i c k n e s s to about 25A° over a s i m i l a r time p e r i o d . Thus the 
d e p o s i t i o n time f o r s u r f a c e photopolymerization i n t h i s i n s t a n c e i s 
n e g l i g i b l e compared to t h a t f o r plasma p o l y m e r i z a t i o n . 
I 
290 285 
B E U V ) 
FIGURE 5.4a T r i f l u o r o e t h y l e n e " F a i l e d " Photopolymer C l s 
I i I 
FIGURE 5.4b T r i f l u o r o e t h y l e n e Photopolymer C l s Envelope 
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5.5.2 D i s c u s s i o n 
44 The main gas phase primary p r o c e s s e s f o r e t h y l e n e i t s e l f a r e : 
CH 2=CH 2 + hv — > CH 2C + H 2 (A) 
— > HC=CH 
> CH 2C + H + H (B) 
> HC=CH + H 2 (C) 
> HC=CH + H + H (D) 
> CH2CH + H (E) 
The main s i n g l e t - s i n g l e t t r a n s i t i o n i n the et h y l e n e a b s o r p t i o n 
43 
spectrum was found by Merer and M u l l i k e n to occur a t 162 nm wit h 
45 
molar e x t i n c t i o n c o e f f i c i e n t c a . 10,000 and corresponds to the 
* 
< — i"x t r a n s i t i o n . I t i s proceeded by a very long p r o g r e s s i o n 
whose o r i g i n i s probably as low as 265 nm, t h i s e m i s s i o n c o n s t i t u t i n g 
a s t r o n g i n d i c a t i o n of the p e r p e n d i c u l a r s t r u c t u r e of the n s t a t e . 
P a r t l y superimposed on t h i s band i s the f i r s t member of a Rydberg 
s e r i e s (nR<—N) which converges t o the f i r s t i o n i s a t i o n p o t e n t i a l a t 
43 46 10.51 eV. The UV absor p t i o n spectrum of t n f l u o r o e t h y l e n e shows a 
maximum I T <— xx band a t 160 nm. A broad Rydberg band was observed 
at about 190 nm a s s i g n e d to 3R (molar e x t i n c t i o n c o e f f i c i e n t c a . 2000) 
which was not found to be present on examining the spectrum of i t s 
f * f 
t h i n s o l i d f i l m . S i n c e the xx < l i band was e s s e n t x a l l y 
u n a f f e c t e d , the e x c i t e d s t a t e was concluded to be Rydberg i n 
c h a r a c t e r . ^ 7 
At f i r s t s i g h t , the s i m i l a r i t y i n the C l s envelopes between t h a t 
found f o r the small amount of s u r f a c e photopolymer obtained and those 
f o r the corresponding plasma polymers suggests t h a t the chemical 
composition of the two types of f i l m s a r e the same, such t h a t the f i l m 
176 
d e p o s i t i o n p r o c e s s e s o c c u r r i n g i n the two systems might a l s o be 
47 
s i m i l a r . However, although s u f f i c i e n t VUV r a d i a t i o n i s absorbed to 
g i v e r i s e t o p h o t o l y s i s , l i t t l e s u r f a c e p hotopolymerization o c c u r s . 
I t t h e r e f o r e might a l s o be reasonable to assume t h a t the primary 
photochemical p r o c e s s e s o c c u r r i n g f o r t r i f l u o r o e t h y l e n e are not those 
p r i m a r i l y r e s p o n s i b l e f o r d e p o s i t i o n i n the analogous plasma 
p o l y m e r i z a t i o n p r o c e s s , otherwise a much f a s t e r d e p o s i t i o n r a t e would 
have been observed. 
The a c t u a l mechanism of t r i f l u o r o e t h y l e n e photodecay may shed 
l i g h t on t h i s problem. I t i s l i k e l y to be s i m i l a r to t h a t of 
f l u o r o e t h y l e n e (FE) and 1 , 1 - d i f l u o r o e t h y l e n e (1,1DFE - see F i g u r e 5.5) 
48-50 
and so i n v o l v e d i r e c t 1,2 HF e l i m i n a t i o n , t ogether with 
51,52 
e l i m i n a t i o n from the =CHF f u n c t i o n a l i t y . Simultaneous H + F 
e j e c t i o n can a l s o occur from FE v i a 147 nm s t e a d y - s t a t e p h o t o l y s i s , 
48 
products i n c l u d i n g HCCF, CH 2CH 2, CH^CH^, and methane, CH 4« 1,1DFE 
was concluded to e j e c t H atoms v i a the parent t r i p l e t s t a t e s when 
49 
exposed t o short-wavelength VUV r a d i a t i o n . S i m i l a r l y , S i r k m and 
53 
Pimentel used f l a s h p h o t o l y s i s to c o nfirm t h a t , above 155 nm, d i r e c t 
m o l e c u l a r e l i m i n a t i o n of HF occurs from both compounds. Primary 
branching r a t i o s f o r the decay of p h o t o e x c i t e d FE were" measured: 
molecul a r e l i m i n a t i o n of HF, 0.82; F atom e j e c t i o n , 0.13; HH 
m o l e c u l a r or diatom e l i m i n a t i o n , 0.05 ( s i n g l e H atom e j e c t i o n was not 
measured). P r e s s u r e dependent s t u d i e s a l s o i n d i c a t e d t h a t the 
d i f l u o r o e t h y l r a d i c a l (formed by F atom e j e c t i o n ) r e a c t e d w i t h another 
molecule of FE to g i v e DFE v i a a C 2 H 2 F 3 i n t e r m e c * i a t e . 
No r e p o r t was made of photopolymer or t h i n f i l m d e p o s i t i o n i n any 
of t h e above. However, t h i s does not mean t h a t i t does not occur, as 
177 
By a n a l o g y w i t h t h e known p h o t o c h e m i s t r y o-f v i n y l i d e n e - f l u o r i d e , 
t h e decay o-f 1 , 1-di f 1 uor-oethy 1 ene can be e x p e c t e d t o f a l l o w t h e 
sequence : 
C H 2 C F 2 * — HF* + HCCF 
C H 2 C F 2 * -*• F + CH 2 CF* 
F + C H 2 C F 2 — [ C 2 H 2 F j ] f 
[ C 2 H 2 F 3 ] t — C H F C F , + H 
[ C J H J F , ) * + He — [C 2 H 2 F 3 ] + He 
[C,H,F 3 ] + C H 2 C F 2 — C H 2 F C F , C H 2 C F 2 , etc. 
C H X F * + C H } C F 2 — C H 2 C H F + C F 2 C H 
( C 2 H , F , r — rrani-CHFCHF (cif-CHFCHF) + F 
C H 2 C F , * — trans-CHFCHF (c/i-CHFCHF). 
FIGURE 5.5 The Vacuum UV P h o t o c h e m i s t r y of 1 , 1 - D i f 1 u o r o e t h y l e n e . 
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r e p o r t e d here, but r a t h e r t h a t the d e p o s i t i o n r a t e s might once again 
be extremely low. Assuming a f r e e r a d i c a l c h a i n or s t e p growth 
mechanism, t h i s could be e x p l a i n e d by the abundance of p o t e n t i a l 
t e r m i n a t i n g s t e p s compared to those f o r i n i t i a t i o n and propagation, so 
t h a t the chance of propagation - and hence o v e r a l l p o l y m e r i z a t i o n -
are s m a l l . T h i s may p o s s i b l y i n c r e a s e w i t h time such t h a t a 
c o n v e n t i o n a l f r e e r a d i c a l mechanism c o u l d occur; however, t h i s would 
s t i l l not account f o r the formation of CF^ groups as seen i n the ESCA 
spectrum. A second p o s s i b i l i t y i s t h a t production of p o l y m e r i z i n g ( i e 
d e p o s i t i n g ) s p e c i e s occurs v i a secondary p h o t o l y s i s of the primary 
60 
products. T h i s was suggested by H a l l e r and S r i n i v a s a n to occur f o r 
the s u r f a c e photopolymerization of 1,3-butadiene, on the b a s i s t h a t an 
i n d u c t i o n p e r i o d was seen - the polymer d e p o s i t i o n r a t e observed was 
f i v e times g r e a t e r when the p h o t o l y t i c products were allowed to b u i l d 
up i n the r e a c t i o n c e l l f o r 20 minutes as opposed t o 5. Formation of 
polymer was a l s o found to depend on the square of the number of 
absorbed photons. I n the c a s e of t r i f l u o r o e t h y l e n e a dynamic system 
was used, such t h a t any primary products not d e p o s i t i n g on the 
s u b s t r a t e or the w a l l s of the r e a c t o r would have been pumped out of 
the p h o t o l y t i c chamber and i n t o t h e c o l d t r a p b e f o r e " secondary 
p h o t o l y s i s products were a b l e to b u i l d up i n any q u a n t i t y . The 
p o s s i b i l i t y t h a t s u r f a c e photopolymerization i n t h i s c a s e occurs v i a 
d e p o s i t i o n of secondary p h o t o l y s i s products t h e r e f o r e cannot be 
d i s c o u n t e d , such that the s p e c i e s r e s p o n s i b l e f o r d e p o s i t i o n o c c u r r i n g 
i n s u r f a c e photopolymerization and plasma p o l y m e r i z a t i o n may s t i l l be 
the same. F u r t h e r evidence f o r the p o s s i b l e r o l e of secondary 
p h o t o l y s i s i s t h a t a c e t y l e n e , found to be a major primary product f o r 
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FE and 1,1-DFE p h o t o l y s i s , has been shown to g i v e a photopolymer both 
32 33 
i n the VUV (193 nm) ' and CUV (235 nm), the l a t t e r u s i n g mercury 
s e n s i t i s a t i o n , ^ w h i l s t phenyl a c e t y l e n e has a l s o been shown to g i v e 
r i s e to a s u r f a c e photopolymer resembling the homopolymer produced by 
62 
more c o n v e n t i o n a l methods. 
I n c o n t r a s t to t r i f l u o r o e t h y l e n e , vapour phase p o l y m e r i z a t i o n of 
t e t r a f l u o r o e t h y l e n e (TFE) has been observed by a number of workers. 
54 
Atkinson (1949) noted t h a t , on i l l u m i n a t i n g TFE vapour at 253.6 nm 
i n t h e presence of mercury as s e n s i t i s e r , hexafluorocyclopropane (main 
product) and a polymer i d e n t i f i e d as (CF^)n were formed, the l a t t e r 
proposed to occur v i a a r a d i c a l mechanism. P o l y m e r i z a t i o n has a l s o 
been photochemically i n i t i a t e d i n the gas phase under a v a r i e t y of 
55 
o t h e r c o n d i t i o n s , i n c l u d i n g the presence of second a element or 54 56 57 58 compound (eg mercury, mercury bromide, N^O and oxygen ) . Many 
55 57 
of t h e s e polymers appeared as white powders or f l o e s , ' such t h a t 
the f i r s t example of photopolymerization of TFE o c c u r r i n g on an 
7 
i r r a d i a t e d s u b s t r a t e recorded by Wright i n 1967 , d i r e c t p h o t o l y s i s 
being c a r r i e d out at a p r e s s u r e of 3 t o r r . However, Wright a l s o noted 
t h e presence of CF^ groups i n the i n f r a - r e d spectrum of the 
photopolymer. The importance of t h i s i s two f o l d . F i r s t l y i t 
supports the appearance noted above u s i n g ESCA f o r the s u r f a c e 
photopolymer of t r i f l u o r o e t h y l e n e ; secondly i t suggests t h a t the 
s u r f a c e photopolymerization mechanism f o r TFE i s a l s o analogous to 
t h a t f o r i t s plasma p o l y m e r i z a t i o n , s i n c e the l a t t e r i s a l s o known to 
59 
g i v e r i s e to CF^ groups. More r e c e n t l y Koda used i r r a d i a t i o n by Xe 
(147 nm) and Kr (116,124 nm) resonance lamps to produce 
diflu o r o m e t h y l e n e r a d i c a l s , CF^", i - n the ^A^ and ^B^ s t a t e s : 
1 1 180 C 2 F 4 + hv — > CF 2< A 1) + C F 2 ( B 1 ) 
7,55 
Although the photodepositions noted by Wright o c c u r r e d above 200 
nm, i t may be t h a t d i f l u o r o c a r b e n e s a r e a l s o of importance i n TFE 
s u r f a c e photopolymerization i n the VUV, e n a b l i n g c r o s s l i n k i n g of the 
62 
f i l m t o occur, as suggested by Yasuda f o r plasma p o l y m e r i z a t i o n . I t 
i s a l s o worth no t i n g t h a t an i n c r e a s e i n the p r e s s u r e of the monomer 
under i r r a d i a t i o n can a l s o a f f e c t the d e p o s i t i o n p r o c e s s , s i n c e , i n a 
subsequent experiment a t 10-760 t o r r Wright d e p o s i t e d a white powder, 
or floe"'"', which coated a l l i n t e r n a l s u r f a c e s of the r e a c t o r as w e l l 
as the s u b s t r a t e and was found to have a s l i g h t l y d i f f e r e n t chemical 




T r i f l u o r o - and t e t r a f l u o r o e t h y l e n e both g i v e r i s e t o s u r f a c e 
photopolymers under UV i r r a d i a t i o n , a l b e i t w i t h d i f f e r i n g f i l m 
d e p o s i t i o n r a t e s . Both photopolymers c o n t a i n CF^ groups which a r e not 
pre s e n t i n the monomer, i n d i c a t i n g t h a t a simple c h a i n or step growth 
r a d i c a l mechanism cannot be invoked, w h i l s t the C l s XPS spectrum f o r 
t r i f l u o r o e t h y l e n e i s remarkably s i m i l a r to those o b t a i n e d f o r the 
corresponding plasma polymer, showing t h a t the d e p o s i t i n g s p e c i e s a r e 
l i k e l y t o be s i m i l a r i n both c a s e s . The main d i f f e r e n c e between the 
two p o l y m e r i z a t i o n techniques f o r t r i f l u o r o e t h y l e n e i s a l s o the 
observed f i l m d e p o s i t i o n r a t e , which i s n e g l i g i b l e f o r s u r f a c e 
photopolymerization i n comparison to t h a t i n the plasma. However, a 
p o s s i b l e e x p l a n a t i o n f o r t h i s i s a s u r f a c e photopolymerization 
mechanism i n v o l v i n g secondary p h o t o l y s i s of the primary products, the 
181 
l a t t e r being pumped out of the p h o t o l y s i s chamber under the dynamic 
flow c o n d i t i o n s used before s u f f i c i e n t d e p o s i t i n g s p e c i e s can be 
formed t o g i v e an observable f i l m d e p o s i t i o n r a t e . The p o s s i b i l i t y 
a l s o e x i s t s t h a t p o l y m e r i z a t i o n i s mainly i n i t i a t e d and propagated on 
the s u r f a c e of the s u b s t r a t e (and w a l l s of the r e a c t o r ) , r a t h e r than 
i n the gas phase. However, t h i s would i n v o l v e adsorped s p e c i e s such 
t h a t photopolymerization due to secondary p h o t o l y s i s on the s u b s t r a t e 
s u r f a c e would be l a r g e l y independent of the flow dynamics of the 
60 
system, the opposite of the e f f e c t found f o r 1,3-butadiene . The 
nature of the s u b s t r a t e i n the s u r f a c e photopolymerization of 
t r i f l u o r o e t h y l e n e i s borne out by the hi g h e r d e p o s i t i o n r a t e observed 
when u s i n g aluminium f o i l as opposed t o gold, the d i f f e r e n c e b e i ng 
a t t r i b u t e d t o v a r y i n g s t i c k i n g c o e f f i c i e n t s f o r the d e p o s i t i n g s p e c i e s 
on the two s u r f a c e s i n v o l v e d . 
5.6 C h l o r o a c r v l o n i t r i l e 
5.6.1 R e s u l t s 
C h l o r o a c r y l o n i t r i l e s u r f a c e photopolymerization was i n v e s t i g a t e d 
62 
as a f u n c t i o n of Yasuda's parameters W - i n the form of photon f l u x 
- and F, the monomer flow r a t e i n the p h o t o l y s i s c e l l , and i n c i d e n t 
wavelength. The experimental apparatus i n i t i a l l y used was t h a t shown 
i n F i g u r e 5.1. VUV i r r a d i a t i o n was c a r r i e d out us i n g an argon plasma 
to g e t h e r with a c a l c i u m f l u o r i d e window. The O r i e l S c i e n t i f i c medium 
p r e s s u r e a r c lamp together with q u a r t z window was used as a source of 
CUV r a d i a t i o n . Photopolymer was found to d e p o s i t much more r e a d i l y i n 
the VUV than f o r t r i f l u o r o e t h y l e n e , f u l l coverage of the aluminium 
o 
s u b s t r a t e being observed a f t e r about four hours (compared to a 25A 
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f i l m a f t e r 12 hours f o r t r i f l u o r o e t h y l e n e ) . A n a l y s i s by ESCA gave the 
t y p i c a l c o re l e v e l s shown i n F i g u r e 5.6, which show remarkable 
s i m i l a r i t y t o those obtained f o r the corresponding plasma polymer i n 
c h a p t e r 3. T h i s was found to be q u a n t i t a t i v e as w e l l a s q u a l i t a t i v e , 
Table 5.5. The r e s u l t s are f o r d i f f e r e n t flow r a t e s i n two d i f f e r e n t 
systems, but show t h a t the chemical composition of the f i l m s obtained 
by both plasma and photochemical techniques a r e e s s e n t i a l l y the same 
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FIGURE 5.6 T y p i c a l C l s , C12p, Nls and Ols Core L e v e l S p e c t r a f o r a 
C h l o r o a c r y l o n i t r i l e Vacuum UV Photopolymer. 
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VUV Surface Photopolymers of C h l o r o a c r y l o n i t r i l e 
Elemental R a t i o 1 C l s (% of t o t a l envelope area) 
3 -1 VUV Photopolymer - F=0.54cm g^p 1^ 1 1 
C I N 0 285.0 286.6 287.7 289.2 2 
11 19 7 49 32 15 4 
3 -1 
Plasma Polymer ( t a i l region) - F=10.3cm S T p m i n 
10 22 8 49 34 15 2 
'NOTES : 1. No. per 100 C atoms. 2. Binding E n e r g i e s i n eV. 
TABLE 5.5 VUV Photopolymer v e r s u s Plasma Polymer 
3 
Type Power F/cm S u b s t r a t e Elemental R a t i o (No/100 C atoms) 
/w min P o s i t i o n C I N 0 
VUV - 0.13 Next to Window 27 26 7 
pp 7 10.3 I n c o i l 31 26 8 
pp 8 5.2 • i •• 31 25 8 
VUV - 0.22 Next to Window 19 21 5 
pp 62 10.3 I n c o i l 19 24 11 
pp 8 2.9 i t » 18 21 11 
VUV - 0.03 Next to Window 32 23 5 
pp 7 10.33 I n c o i l 31 26 5 
VUV - 0.54 Next to Window 11 19 7 
pp 7 10.3 Out of C o i l 9 22 8 
VUV 8 0.18 Next to Window 18 21 -
pp 8 2.9 I n c o i l 18 21 11 
TABLE 5.6 Comparison of Elemental R a t i o s v s S u b s t r a t e P o s i t i o n 
1 8 4 
I f t h e analogy between photopolymerization and plasma 
p o l y m e r i z a t i o n i s to hold, the former should a l s o depend on the 
monomer flow r a t e and power. However, the apparatus p r e v i o u s l y used 
d i d not always give complete coverage of the s u b s t r a t e w i t h i n a 
reas o n a b l e time s c a l e (two h o u r s ) ; t h e r e f o r e the r e f i n e d apparatus i n 
F i g u r e 5 . 3 was developed. When used with a n i t r o g e n plasma as the VUV 
i r r a d i a t i o n source, incomplete d e p o s i t i o n was only seen f o r the lowest 
3 - 1 
flow r a t e used ( 0 . 0 1 cm g T p n L'- n ) • T n e aluminium f o i l s u b s t r a t e s i n 
t h i s second r e a c t o r were l a i d a t 9 0 ° to the c a l c i u m f l u o r i d e window, 
such t h a t d i r e c t i r r a d i a t i o n of the s u b s t r a t e d i d not occur. T h i s was 
d i f f e r e n t from the prev i o u s apparatus, i n which the f u l l s u r f a c e a r e a 
of the s u b s t r a t e faced the window and i r r a d i a t i o n of the s u r f a c e such 
t h a t i r r a d i a t i o n of the s u r f a c e occurred. A second s u b s t r a t e was 
t h e r e f o r e i n s e r t e d i n t o the p h o t o l y s i s c e l l i n the analogous p o s i t i o n , 
p a r a l l e l t o the window but 9 0 ° to the f i r s t s u b s t r a t e . The r e s u l t s , 
SUBSTRATE FLOW RATE ELEMENTAL RATIO C l s Envelope Nls 
POSITION 3 . - 1 cm run C I N O 2 8 5 . 0 2 8 6 . 6 2 8 7 . 7 2 8 9 . 0 3 9 9 . 3 4 0 0 . 8 
H o r i z o n t a l 0 . 2 5 1 3 1 6 7 6 0 2 7 1 1 2 not f i t t e d 
V e r t i c a l 0 . 2 5 8 1 5 6 6 5 2 6 7 2 9 4 6 
H o r i z o n t a l 0 . 1 1 6 1 5 7 5 2 2 7 1 6 5 8 6 1 4 
V e r t i c a l 0 . 1 . 1 3 1 7 7 5 4 3 2 1 2 2 8 9 1 1 
H o r i z o n t a l V.P 3 4 2 6 3 2 9 4 7 2 1 3 9 0 1 0 
V e r t i c a l V.P 3 2 2 4 1 31 4 3 2 3 1 9 5 5 
NOTE: V.P - monomer used at vapour p r e s s u r e , flow r a t e not determined 
TABLE 5 . 7 C h l o r o a c r y l o n i t r i l e VUV Photopolymer - S u b s t r a t e O r i e n t a t i o n 
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Table 5.7, show t h a t the f i l m d e p o s i t e d i n the two p o s i t i o n s i s 
e s s e n t i a l l y the same. T h i s a l s o i n d i c a t e d t h a t f i l m d e p o s i t i o n does 
not r e l y on the s u r f a c e of the sample being i r r a d i a t e d i n order f o r 
f i l m d e p o s i t i o n t o occur, i e t h a t i n s i t u photopolymerization of 
adsorped monomer on the s u r f a c e (whether the i n i t i a l s u b s t r a t e or 
growing polymer f i l m ) does not p l a y an important p a r t i n t h e o v e r a l l 
s u r f a c e photopolymerization p r o c e s s . I n order to t e s t t h i s a t h i r d 
s u b s t r a t e was p l a c e d i n the p h o t o l y s i s chamber immediately behind the 
second so t h a t i t , too, was p a r a l l e l t o the window, but completely 
s h i e l d e d from i r r a d i a t i o n . Photodeposition was c a r r i e d out f o r the 
u s u a l i r r a d i a t i o n time and a l l t h r e e s u b s t r a t e s a n a l y s e d by ESCA. The 
r e v e r s e s i d e of the h o r i z o n t a l s u b s t r a t e was a l s o a n a l y s e d , s i n c e i t , 
too, was completely masked from the window. Complete s u b s t r a t e 
coverage, as expected, was found f o r the o r i g i n a l two s u b s t r a t e 
p o s i t i o n s . However, d e p o s i t i o n was a l s o found t o have o c c u r r e d i n the 
two masked p o s i t i o n s , Table 5.8, w i t h v a r y i n g t h i c k n e s s . The 
r e v e r s e s i d e of the h o r i z o n t a l s u b s t r a t e was found by an o v e r l a y e r 
c a l c u l a t i o n t o be about 23A° t h i c k , w h i l s t t h a t f o r the masked 
v e r t i c a l p o s i t i o n was only about 10A° t h i c k . 
SUBSTRATE FLOW RATE ELEMENTAL RATIO C l s Envelope N l s 
3 -1 
POSITION cm min C I N 0 285.0 286.6 287.7 289.0 399.3 400.8 
H o r i z o n t a l 0.43 9 15 5 57 34 9 2 44 56 
* 
H o r i z o n t a l 0.43 7 12 - not f i t t e d not f i t t e d 
* 
V e r t i c a l 0.43 7 17 - not f i t t e d not f i t t e d 
* - masked s u b s t r a t e p o s i t i o n 
TABLE 5.8 E f f e c t of Masking 
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Thus s u r f a c e photopolymerization does occur when the s u b s t r a t e 
s u r f a c e i s not d i r e c t l y i l l u m i n a t e d , but the d e p o s i t i o n r a t e i s 
markedly reduced i n comparison to those s u b s t r a t e s which are not 
masked. T h i s means t h a t formation of polymer i n the gas phase does 
occur, but photon a c t i v a t e d r e a c t i o n s are a l s o o c c u r r i n g on the 
s u r f a c e of the s u b s t r a t e . F u r t h e r evidence t h a t t h i s must be the c a s e 
i s t h a t , even i n those i n s t a n c e s when incomplete f i l m d e p o s i t i o n 
o c c u r r e d on the s u b s t r a t e , f i l m was observed t o occur on t h e c a l c i u m 
f l u o r i d e window i t s e l f . An a l t e r n a t i v e e x p l a n a t i o n - t h a t a l l 
d e p o s i t i n g s p e c i e s a r e produced i n the gas phase but are not 
l o n g - l i v e d enough to d i f f u s e from the i r r a d i a t e d volume of the r e a c t o r 
t o the masked s u b s t r a t e s u r f a c e - can be discounted, s i n c e chapter 6 
shows t h a t the l i f e t i m e of the d e p o s i t i n g s p e c i e s i n v o l v e d i s of the 
order of 0.1s. 
Once the o r i e n t a t i o n ( h o r i z o n t a l or v e r t i c a l ) of the s u b s t r a t e 
was shown to have no observable e f f e c t on the chemical composition of 
the f i l m formed, the l a t t e r was then s t u d i e d as a f u n c t i o n of flow 
r a t e . F i g u r e 5.7 shows the elemental composition of f i l m s d e p o s i t e d 
i n the VUV as determined by ESCA; F i g u r e 5.8 shows the corresponding 
C l s envelopes. The c h l o r i n e and n i t r o g e n contents of the" f i l m both 
r i s e w i t h i n c r e a s i n g flow r a t e . That f o r c h l o r i n e i n p a r t i c u l a r r i s e s 
3 -1 from almost zero a t 0.03cm „ min to a C1:C r a t i o of about 1:5 a t STP 
3 -1 
0.52cm c_,_niin , r i s i n g to 1:3 at monomer vapour p r e s s u r e , w h i l s t the 
N:C r a t i o , again i n i t i a l l y v e r y s m a l l at 1:26, a l s o r i s e s i n a s i m i l a r 
manner, the r a t i o a t vapour p r e s s u r e being about 1:4. Thus, at vapour 
p r e s s u r e , the C:C1:N elemental composition i s about 12:4:3, or almost 
the 4:1:1 r a t i o expected f o r a c o n v e n t i o n a l r a d i c a l c h a i n or s t e p 
41 
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growth mechanism. However, t h i s mechanism cannot account f o r the much 
lower r a t i o s of both heteroatoms seen a t the remaining flow r a t e s , 
3 -1 
which, a t b e s t , g i v e s a C:C1:N r a t i o of 5.3:1.4:1 a t 0.67cm _ min 
STP 
The n i t r o g e n : c h l o r i n e r a t i o i s a l s o i n i t i a l l y g r e a t e r than u n i t y a t 
3 -1 
low flow r a t e , changing over above 0. 5cm c _ D n i i n , a f t e r which the 
O i - IT 
s i t u a t i o n i s r e v e r s e d . The oxygen content of the f i l m i s low 
throughout, although h i g h e r at low flow r a t e , i n l i n e w i t h the r e s u l t s 
obtained f o r plasma p o l y m e r i z a t i o n (chapter 3 ) . 
The C l s envelope a l s o r e v e a l s t r e n d s . The 285.0 eV peak 
i n i t i a l l y accounts f o r over 80% of a l l carbon environments a t low flow 
r a t e , r e f l e c t i n g the low c h l o r i n e and n i t r o g e n t o carbon 
s t o i c h i o m e t r i e s obtained, before r a p i d l y dropping to about 60% on 
i n i t i a l flow r a t e i n c r e a s e . A p l a t e a u then o c c u r s before a f u r t h e r 
s t eady d e c r e a s e w i t h r i s i n g flow r a t e . The peak i s s t i l l v i s i b l e i n 
the f i l m formed a t monomer vapour p r e s s u r e , so t h a t t h e r e are carbon 
atoms i n the photopolymer not d i r e c t l y bonded t o a heteroatom or 
a d j a c e n t to a carbon atom which i s . T h i s again r u l e s out a simple 
r a d i c a l photopolymerization method, s i n c e the the peaks obtained f o r 
the model compound, p o l y c h l o r o a c r y l o n i t r i l e , were c e n t r e d a t 286.6 eV 
(due to £NC1 and to CH2-CC1CN) and 288.0 eV (due t o £-CClCN), a l l + 
0.3 eV - see chapter 3. Conversely, the % c o n t r i b u t i o n t o the C l s 
envelope from the 286.6 eV and 287.7 eV peaks found i n the 
photopolymer r i s e s with i n c r e a s i n g flow r a t e , t h a t at 286.6 o c c u r r i n g 
more r a p i d l y than a t 287.7 eV. T h i s again r e f l e c t s the i n c r e a s i n g 
r a t i o of heteroatoms t o carbon i n the f i l m s . An i n c r e a s e i n the 
number of i n t a c t n i t r i l e groups i s supported by the change seen 
3 -1 
between 0.03 and 0.13 cm e _ _ n i i n f o r the Nls envelope, i n which a 
191 
r a t i o of 3:1 i n favour of C-N and C=N environments as opposed to 
n i t r i l e groups ( o c c u r r i n g a t 399.3 eV and 400.8 eV r e s p e c t i v e l y ) a t the 
lower flow r a t e i s r e v e r s e d to 5:1 i n favour of n i t r i l e groups a t the 
h i g h e r . T h i s r a t i o c ontinues to i n c r e a s e w i t h flow r a t e u n t i l i t 
reaches about 9:1 a t high flow r a t e . The 400.8 eV peak i s s t i l l 
v i s i b l e even a t monomer vapour p r e s s u r e , showing t h a t the n i t r i l e 
group p l a y s an a c t i v e r o l e i n the photopolymerization p r o c e s s 
f u r t h e r proof t h a t a simple r a d i c a l mechanism cannot occur. F i n a l l y , 
the 289.0 eV peak i s low throughout, again r e f l e c t i n g the low 0:C r a t i o 
i n t h e polymer. 
The next s t e p was to e s t a b l i s h whether or not a wavelength 
dependence e x i s t e d . T h i s was a c h i e v e d by r e p l a c i n g t h e n i t r o g e n 
plasma as i r r a d i a t i o n source w i t h a mercury/xenon medium p r e s s u r e a r c 
lamp (254 nm), and s u b s t i t u t i n g a q u a r t z window (cut o f f 180 run) f o r 
c a l c i u m f l u o r i d e . ESCA a n a l y s i s r e v e a l e d t h a t a t h i n f i l m was a g a i n 
formed over a two-four hour d e p o s i t i o n p e r i o d which gave complete 
coverage of the aluminium s u b s t r a t e . A flow r a t e dependence was again 
seen, F i g u r e s 5.9 and 5.10, i n t h a t the c h l o r i n e content d i d i n c r e a s e 
w i t h flow r a t e , but only from 3 t o 9 per 100 carbon atoms i n the 
polymer. The n i t r o g e n content s t a y e d f a i r l y steady throughout, 
showing no o v e r a l l t r e n d , as d i d the oxygen content. The C l s envelope 
showed l i t t l e v a r i a n c e with flow r a t e e i t h e r , the 285.0 eV peak 
c o n t r i b u t i o n remaining a t about 47 + 5 %, w h i l s t t h a t a t 286.6 eV 
l i k e w i s e remains steady at 4 5 + 5 %. D e c r e a s i n g the photon f l u x by 
p u l l i n g the UV lamp back from the window by some 8cm a l s o gave 
complete s u b s t r a t e coverage w i t h no change i n chemical composition or 
C l s envelope, suggesting t h a t photon f l u x has no e f f e c t on the nature 
192 
of the f i l m formed. I n the Nls envelope the r a t i o of peaks was about 
88:12 i n favour of t h a t a t 399.3 eV throughout, showing t h a t some 
n i t r i l e groups had undergone p h o t o l y s i s . 
The most n o t i c e a b l e f e a t u r e of the r e s u l t s i s the ve r y low 
c h l o r i n e content of the CUV photopolymers compared to those obtained 
i n the VUV, together w i t h a much lower flow r a t e e f f e c t . At f i r s t 
s i g h t t h i s can be accounted f o r by the d i f f e r e n c e i n flow r a t e ranges 
s t u d i e d - 0.03-vapour p r e s s u r e i n the VUV, but only 0.01-0.28 
3 . -1 . 
cm gipp 1 1 1 1 1 1 i n the CUV. However, the chemical composition of the 
f i l m s produced i s d i f f e r e n t on c l o s e r examination, s i n c e the n i t r o g e n 
t o c h l o r i n e r a t i o i n the VUV i s c o n s i s t e n t l y lower than t h a t obtained 
i n the CUV region, F i g u r e 5.11. T h i s i s r e f l e c t e d i n the C l s envelope, 
f o r which the 285.0 eV peak i n the VUV f a l l s from 80% t o 60% of the 
t o t a l i n the VUV, compared t o a f a i r l y c onstant 47% c o n t r i b u t i o n i n 
the CUV f o r the same flow r a t e range. S i m i l a r l y , the 286.6 eV peak i n 
the VUV r a p i d l y r i s e s from 11% to 27%, whereas t h a t i n the CUV again 
remains f a i r l y s t a t i c a t about 45%. Thus the chemical composition of 
the s u r f a c e photopolymers formed i n the two regions does d i f f e r as a 
r e s u l t of changing the i n c i d e n t wavelength. T h i s i n t u r n suggests 
t h a t t h e photochemistry i n v o l v e d i n the two regions i s d i f f e r e n t , and 
t h i s i s d i s c u s s e d below. 
5.6.2 D i s c u s s i o n 
The d i f f e r e n c e s between VUV and CUV s u r f a c e photopolymers i s 
l i k e l y to be caused by the d i f f e r e n c e i n ph o t o c h e m i s t r i e s o c c u r r i n g a t 
the two wavelengths i n v o l v e d . T h i s i s t h e r e f o r e examined. 
No photochemistry should r e s u l t from the c a r b o n - c h l o r i n e 
chromophore i n the VUV, s i n c e t h i s absorbs a t about 244 nm ( t h i s was 
found by running the UV ab s o r p t i o n spectrum u s i n g a c e t o n i t r i l e as 
s o l v e n t ) , F i g u r e 5.12. The a b s o r p t i o n spectrum of a c r y l o n i t r i l e was 
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found by Mullen and O r l o f f to have t h r e e peaks o c c u r r i n g a t 210.7 
* 
nm, 203 nm and 172.5 nm, corresponding to the t r a n s i t i o n s T i < — n, 
T i < — i x and o~ < — < r r e s p e c t i v e l y . The f i r s t of the s e has a molar 
e x t i n c t i o n c o e f f i c i e n t of about 150 and i s t h e r e f o r e weak; however, 
the remaining two peaks a r e of medium i n t e n s i t y ( 2000). The 
photochemistry of a c r y l o n i t r i l e vapour a t 213.9 nm has been observed 
63 
by Gandini and Hackett : 
CH2=CHCN + hv — > C 2 H 2 + HCN (1) 
CH2=CHCN + hv — > HCCCN + H 2 (2) 
The evidence here was f o r 1,2 molecul a r e l i m i n a t i o n (route (1) having 
the higher quantum y i e l d ) together w i t h polymer formation from e x c i t e d 
63 
a c r y l o n i t r i l e or a c e t y l e n e . The production of cyanogen r a d i c a l has . . 64 s i m i l a r l y been observed i n IRMPD. 
The above does not take account of the e f f e c t of the c h l o r i n e 
s u b s t i t u e n t on the C=C i i bond i n the VUV. However, p h o t o d i s s o c i a t i o n 
63 
of c h l o r o e t h y l e n e s i n ge n e r a l i s known to y i e l d r a d i c a l s , w h i l s t the 
3 
1,2 e l i m i n a t i o n of HC1 from the s t a t e of v i n y l c h l o r i d e has been 
67 
observed t o g i v e a c e t y l e n e . I r r a d i a t i o n of c h l o r o a c r y l o n i t r i l e a t 
174 nm i s t h e r e f o r e l i k e l y to g i v e r i s e t o the f o l l o w i n g photoproducts 
194 
- mainly v i a the T i < — 11 t r a n s i t i o n of the C=C bond to g i v e the 
3 . . . B, e x c i t e d s t a t e (see below) which d i s s o c i a t e s v i a molecular l u 
e l i m i n a t i o n to g i v e HC1, HCN, and C1CN, together w i t h the 
corresponding a c e t y l e n e s (cyanoacetylene, c h l o r o a c e t y l e n e and HCCH), 
atomic hydrogen and atomic c h l o r i n e , w h i l s t a b s o r p t i o n a t 213.9 nm 
w i l l g i v e r i s e to HCN, H^, HCCH and cyanoacetylene. I r r a d i a t i o n a t 
254 nm w i l l g i v e r i s e to s c i s s i o n of the c a r b o n - c h l o r i n e bond as the 
major photoprocess, s i n c e the C-CN bond (bond d i s s o c i a t i o n energy 
68 
133.7- k c a l ) w i l l not be c l e a v e d a t t h i s wavelength. Thus i t i s 
p o s s i b l e to account f o r the very low c h l o r i n e and high N:C r a t i o s seen 
i n the CUV photopolymer, s i n c e the main photoproducts formed at 254 nm 
w i l l be CH^C'CN r a d i c a l s , which presumable can undergo c h a i n and/or 
step-growth p o l y m e r i z a t i o n . However, the mechanism must again be more 
com p l i c a t e d than t h i s due t o the presence c h l o r i n e i n the 
photopolymer, together with a 1:1 r a t i o i n the C l s ESCA spectrum f o r 
the 285.0 eV peak a g a i n s t t h a t at 286.6 eV ( t h a t f o r p o l y a c r y l o n i t r i l e 
i s 2:1) 1 3 a n d the presence of the 400.8 eV peak i n the Nls 
spectrum, i n d i c a t i v e of N-C and N=C such t h a t a t l e a s t some n i t r i l e 
groups must r e a c t . However, many of the VUV photoproducts a r e not 
e a s i l y r e c o g n i s a b l e p o l y m e r i z i n g s p e c i e s l i k e l y to cause f i l m 
d e p o s i t i o n . I n s e c t i o n 5.3, i t was noted t h a t photopolymers were 
32 33 
o b t a i n e d from the 193 nm i r r a d i a t i o n of a c e t y l e n e . ' Thus I r i o n 
32 
and Kompa observed a polymer during t h e i r study of a c e t y l e n e u s i n g 
an argon f l u o r i d e l a s e r at 193 nm, i n a d d i t i o n to the r e a c t i o n 
products e t h y l e n e and hydrogen atoms. T h e i r evidence p o i n t e d to a 
* 1 
pure excited-molecule mechanism based on C2^2 ' A u ' ' B e c k e r a n c * Hong 
33 
a l s o saw a polymer f o r the VUV i r r a d i a t i o n of a c e t y l e n e , together 
195 
with d i a c e t y l e n e , e t h y l e n e , benzene, v i n y l a c e t y l e n e and 
p h e n y l a c e t y l e n e . I n t e r e s t i n g l y , they a l s o observed a brown polymeric 
d e p o s i t f o r VUV i r r a d i a t i o n of hydrogen cyanide gas, together w i t h 
(CN)^/ methane, ammonia, CH^NH^ and (NH)^. I r r a d i a t i o n of a 5:1 
mixture of HCN / a c e t y l e n e showed t h a t 90% of the l i g h t was absorbed 
by t h e l a t t e r , g i v i n g r i s e only t o the products expected f o r C2^2 
alone, together w i t h a c r y l o n i t r i l e . On r a i s i n g the r e l a t i v e amount of 
HCN i n the system, the proportion of r e s u l t a n t e t h y l e n e was seen to 
d e c r e a s e i n favour of cyanoacetylene (C^HCN). The proposed p r i n c i p a l 
path f o r formation of d i a c e t y l e n e was v i a 
C„H" + C„H„ > C H „ 
2 2 2 4 2 
w h i l s t the formation a c r y l o n i t r i l e and cyanoacetylene were proposed to 
be, r e s p e c t i v e l y , v i a (1) and (2) 
C 2 H 3 + H C N > C H 2 C H C N { 1 ) 
CN" + C 2 H 2 — > C 2HCN (2) 
Hence i t i s extremely l i k e l y t h a t a t l e a s t some of the c h l o r o a c r y l o -
n i t r i l e photopolymer observed i n the VUV o r i g i n a t e s from secondary 
p h o t o l y s i s of the a c e t y l e n e s formed. Photopolymerization of the HCN 
e l i m i n a t e d from the monomer co u l d a l s o occur, but t h i s c o n t r i b u t i o n to 
f i l m formation seems l e s s l i k e l y due t o the m a j o r i t y of other, more 
co n v e n t i o n a l , p o l y m e r i z i n g s p e c i e s i n the system, i n c l u d i n g a c e t y l e n e , 
f r e s h monomer, and other r a d i c a l s p e c i e s . 
There i s another c o n s i d e r a t i o n here. The chemical composition of 
the VUV photopolymer changes with an i n c r e a s e i n flow r a t e , which i n 
t u r n was achieved by i n c r e a s i n g the monomer p r e s s u r e i n the system. 
S i n c e the c h l o r i n e and n i t r o g e n contents of the VUV photopolymer a l s o 
i n c r e a s e with flow r a t e , t h i s suggests a p r e s s u r e dependence f o r the 
196 
d e p o s i t i n g s p e c i e s r e s p o n s i b l e f o r f i l m formation, s i n c e t h e i r n a ture 
must change over the flow r a t e range i n order to produce d i f f e r i n g 
elemental compositions. Thus, s i n c e the s p e c i e s a r e produced by 
p h o t o l y s i s ( e i t h e r primary and/or secondary), t h i s i n d i c a t e s a 
p r e s s u r e dependence of t h i s as w e l l . A l l the above hypotheses can be 
accounted f o r by a d e p o s i t i o n mechanism which i n v o l v e s a v i b r a t i o n a l l y 
e x c i t e d ground s t a t e (a s i n g l e t e x c i t e d s t a t e would not be a f f e c t e d by 
an i n c r e a s e i n p r e s s u r e s i n c e i t s l i f e t i m e before decomposing, 
37 
t y p i c a l l y measured i n nanoseconds, i s too s h o r t f o r p r e s s u r e 
quenching e f f e c t s to o c c u r ) . T h i s experimental o b s e r v a t i o n f i t s w ith 
the known l i t e r a t u r e , s i n c e e x c i t a t i o n a t 174 nm u s i n g a n i t r o g e n 
plasma e m i s s i o n w i l l e x c i t e e l e c t r o n s i n t h e e t h y l e n i c C-C bonding 
o r b i t a l i n t o the antibonding i i o r b i t a l . T h i s i n t u r n r e l i e v e s 
i n t e r e l e c t r o n i c r e p u l s i o n by t w i s t i n g i n t o a 90° conformation about 
the C-C a x i s . Since the p a i r of 2 p ^ o r b i t a l s become degenerate i n 
the 90° conformation, the "90° ground s t a t e " i s a t r i p l e t , and the 
3 
energy of the B l e v e l f a l l s below t h a t of the "ground" s i n g l e t 
1 65 
s t a t e ( A ^ g ) • Because of the l a r g e change i n e q u i l i b r i u m geometry, 
h i g h l y e n e r g i s e d molecules a r e produced, i e v i b r a t i o n a l l y e x c i t e d 
ground s t a t e s , the m a j o r i t y of which d i s s o c i a t e v i a ~ molecular 
e l i m i n a t i o n (both 1,1 and 1,2) and atomic molecule production, 
although some c i s - t r a n s i s o m e r i z a t i o n probably o c c u r s as f o r 
ethylene.** 5 I r r a d i a t i o n a t 254 nm does not a c c e s s t h i s v i b r a t i o n a l l y 
e x c i t e d ground s t a t e , but i n s t e a d g i v e s r i s e mainly to s c i s s i o n of the 
C-Cl bond v i a d i s s o c i a t i o n of an e l e c t r o n i c a l l y e x c i t e d s t a t e 
(corresponding to o < — o ) , which would e x p l a i n the l a c k of flow r a t e 
- and hence p r e s s u r e - dependence seen i n the CUV. 
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5.6.3 Summary 
C h l o r o a c r y l o n i t r i l e g i v e s r i s e to s u r f a c e photopolymers on 
i r r a d i a t i o n i n both the VUV (174 nm) and CUV (254) r e g i o n s . 
O r i e n t a t i o n of the s u b s t r a t e e i t h e r p a r a l l e l or p e r p e n d i c u l a r to the 
i n c i d e n t r a d i a t i o n was found not to a f f e c t the nature of the polymer 
formed. Masking l e a d to incomplete f i l m coverage such t h a t , although 
p o l y m e r i z a t i o n must a l s o take p l a c e from the gas phase, s u r f a c e 
a c t i v a t e d p r o c e s s e s are important. The nature of the f i l m appeared to 
be independent of photon f l u x ; however, a dependence on r a d i a t i o n 
wavelength was found - the chemical composition of the f i l m s produced 
i n the the CUV being e s s e n t i a l l y d i f f e r e n t from those d e p o s i t e d i n the 
VUV. T h i s can be e x p l a i n e d i n terms of the d i f f e r e n t p h o t o c h e m i s t r i e s 
i n v o l v e d a t the two wavelengths used. The o v e r a l l photopolymerization 
mechanism was determined to i n v o l v e a v i b r a t i o n a l l y e x c i t e d ground 
s t a t e f o r the VUV s i n c e a dependence of e l e m e n t a l composition of the 
f i l m formed on the flow r a t e - and hence on the p r e s s u r e - of the 
system was found; t h i s o b s e r v a t i o n f i t s the the model f o r p h o t o l y s i s 
p r e d i c t e d by examination of the photochemical l i t e r a t u r e , such t h a t 
3 
d i s s o c i a t i o n of the e t h y l e n i c B s t a t e i s an important s t e p i n the 
d e p o s i t i o n p r o c e s s . The a c t u a l d e p o s i t i n g s p e c i e s a re " l i k e l y to 
i n c l u d e secondary p h o t o l y s i s products, p a r t i c u l a r l y of a c e t y l e n e , and 
p o s s i b l y a l s o of HCN. F i n a l l y , the apparent l a c k of any flow r a t e 
dependence f o r CUV i r r a d i a t i o n can be e x p l a i n e d i n terms of a simple 
s c i s s i o n of the C-Cl bond as a r e s u l t of a o < — o t r a n s i t i o n a t 244 
nm. T h i s i n v o l v e s a s i n g l e t e x c i t e d s t a t e which i s t h e r e f o r e 
independent of the p r e s s u r e of the system. 
198 
5.7 M e t h a c r y l o n i t r i l e 
5.7.1 R e s u l t s 
M e t h a c r y l o n i t r i l e was found to g i v e s u r f a c e photopolymers i n both 
the VUV and CUV regions, t y p i c a l C l s , Nls and 01s core l e v e l s p e c t r a 
being shown i n F i g u r e 5.13. On i r r a d i a t i o n f o r 70 minutes u s i n g an 
argon plasma as r a d i a t i o n source, the r e s u l t s shown i n Table 5.9 were 
obtained. 
ELEMENTAL 
SUBSTRATE TIME P FLOW RT RATIOS C l s Envelope Nls 
POSITION /min /mb 3 . -1 cm min N 0 A l 285 .0 286.6 288.0 399.3 400 
H o r i z o n t a l 60 0.15 0.3 14 - Y d=20A° 93 7 
V e r t i c a l 60 0.15 0.3 15 - Y d=46A° 92 8 
H o r i z o n t a l 60 0.2 1.3 17 - Y d=32A° 92 8 
V e r t i c a l 60 0.2 1.3 17 - Y d=51A° 94 6 
H o r i z o n t a l 70 0.2 1.3 15 4 - 64 35 1 7 7 4 
2 
H o r i z o n t a l 70 0.2 1.3 17 5 - 62 37 1 
V e r t i c a l 70 0.2 1.3 20 6 - 61 37 2 
H o r i z o n t a l 60 0.4 VP 3 19 4 - 57 41 2 
V e r t i c a l 60 0.4 VP 3 18 5 63 35 2 
NOTES: 1. S u b s t r a t e o v e r l a y e r c a l c u l a t i o n used to c a l c u l a t e n i t r o g e n 
t o carbon r a t i o i f A12p was s i g n a l v i s i b l e . 
2. Run a t 70° Take Off Angle (remainder run a t 35°) 
3. The flow r a t e a t monomer vapour p r e s s u r e c o u l d not be 
a c c u r a t e l y determined. 
4. Elemental R a t i o s are per 100 C atoms. 
5. Binding E n e r g i e s are i n eV. 
TABLE 5.9 M e t h a c r y l o n i t r i l e VUV Photopolymer 
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2 9 0 285 4 0 3 401 3 9 9 
B E ( e V ) B E ( c V ) 
537 535 
B E (eV) 
NOTE : Core l e v e l s p e c t r a -for t h e c o r r e s p o n d i n g c o n v e n t i o n a l UV 
photopolymer a r e v e r y s i m i l a r t o t h o s e shown above. 
FIGURE 5.13 T y p i c a l XPS Core L e v e l S p e c t r a of M e t h a c r y 1 o n i t r i 1 e 
Vacuum UV Photopolymer - a) C l s ; b) N l s ; c) 01s. 
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The C l s s p e c t r a a r e again s i m i l a r t o those found i n chapter 3 f o r 
plasma p o l y m e r i z a t i o n , together w i t h i t s r e l a t i v e peak a r e a r a t i o s , as 
are t h e elemental r a t i o s of n i t r o g e n w i t h r e s p e c t t o carbon. 
SUBSTRATE POWER FLOW RT RATIOS 
3 . -1 
POSITION i n W cm min N 0 
I n c o i l 51 0.4 17 14 
' T a i l 4 0.4 21 13 
C l s Envelope 
285.0 286.6 288.0 399.3 400.8 
62 28 9 68 32 
58 32 9 84 16 
TABLE 5.10 T y p i c a l Plasma Polymer F i l m A n a l y s i s - CH2CMeCN 
T h i s suggests t h a t the s p e c i e s r e s p o n s i b l e f o r f i l m d e p o s i t i o n i n 
m e t h a c r y l o n i t r i l e s u r f a c e photopolymerization must be s i m i l a r to those 
f o r i t s plasma p o l y m e r i z a t i o n . However, d i f f e r e n c e s e x i s t between the 
f i l m s , most notably t h a t v i r t u a l l y a l l the n i t r o g e n content of the 
photopolymers e x i s t s i n the form of n i t r i l e groups, w h i l s t t h i s i s not 
t r u e f o r the plasma polymers. The lowest degree of n i t r i l e r e a c t i o n 
i n the l a t t e r appears to occur i n the t a i l r egion, such t h a t the 
s u r f a c e photopolymers a r e more a k i n to the plasma polymers produced i n 
t h i s region r a t h e r than those produced i n the c o i l region. One 
anomalous r e s u l t was obtained d u r i n g a p r e l i m i n a r y photopolymerization 
experiment, f o r which a peak a t lower b i n d i n g energy (398.0 eV) was 
found, i n d i c a t i v e of a n e g a t i v e l y charged s p e c i e s and corresponding to 
the r e s u l t found f o r an 11W plasma polymer f i l m d e p o s i t e d i n c o i l . 
However, t h i s r e s u l t was not corroborated by the v e r t i c a l s u b s t r a t e 
f i l m obtained during the same experiment, and so cannot be accounted 
f o r . A l l the remaining experiments showed t h a t , once again, the 
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chemical composition of the films produced were independent of 
substrate orientation (perpendicular or p a r a l l e l ) to the window. 
This was i n contrast to the rate of f i l m deposition as shown by the 
f i l m thickness found using substrate overlayer calculations (Table 
5.9), which showed both that polymer i s deposited more quickly in the 
v e r t i c a l than the horizontal position, and also with an increase i n 
flow rate, for the same i r r a d i a t i o n time. This again shows that, 
although deposition must occur from the gas phase (otherwise polymer 
would not be seen i n the horizontal p o s i t i o n ) , d i r e c t i r r a d i a t i o n of 
the substrate i s again important, and hence the f i l m i s t r u l y a 
surface photopolymer. 
The f i l m deposited in the CUV at monomer vapour pressure by 
i r r a d i a t i o n at 254 nm for 7 hours was different to that formed in the 
VUV, Table 5.11, since both the nitrogen and oxygen content of the 
SUBSTRATE RATIOS Cls Envelope Nls 
POSITION N 0 285.0 286.6 288.0 399.3 400.8 
(cm from window) 
1 23 14 44 44 8 92 8 
I 2 19 12 49 46 5 94 6 
6 23 - 48 48 7 100 0 
12 23 - 44 48 9 96 4 
18 22 _ 45 48 7 94 6 
NOTES: 1. No. per 100 C Atoms. 
2. Run at 70° TOA (remainder at 35°) 
3 -1 
3. 1.3cm min used throughout. 
TABLE 5.11 Methacrylonitrile CUV Photopolymer 
f i l m were higher than those obtained i n the VUV, whilst the 285.0 eV 
to 286.6 eV peak ratios were nearer to 1:1 than the 2:1 r a t i o 
previously found i n the VUV. The main s i m i l a r i t y was the lack of N=C 
and N-C bonds as shown by the Nls envelope, such that e f f e c t i v e l y a l l 
the n i t r i l e groups i n the monomer were l e f t unreacted i n the polymer. 
There was also a lack of change of chemical composition with distance 
of the substrate from the window, indicating the absence of any 
photon flux e f f e c t i n t h i s respect, although the deposition rate was 
found to be lower. 
5.7.2 Discussion 
A comparison of the above r e s u l t s with c h l o r o a c r y l o n i t r i l e 
quickly shows that there are differences between the two photochemical 
systems. For example, although a flow rate e f f e c t was apparent for 
methacrylonitrile in the VUV, t h i s was more apparent i n the deposition 
rate rather than the chemical composition of the deposited polymer. 
A noticeable difference i s also seen i n the Cls spectra, for which 
there i s a marked absence of a peak at 287.8 eV, corresponding to 
carbon-chlorine environments (in p a r t i c u l a r C.-C1CN), i n the 
methacrylonitrile spectrum. I n s u f f i c i e n t data was obtained" to see i f 
a flow rate dependence existed for the two main peaks that were seen 
(285.0 eV and 286.6 eV), whilst the Nls envelope revealed that l i t t l e 
or no n i t r i l e groups reacted i n the VUV for methacrylonitrile, whereas 
a peak was quite marked at 400.8 eV for the corresponding 
c h l o r o a c r y l o n i t r i l e films, indicative of N-C and N=C environments for 
the l a t t e r . Now, the substitution of a methyl group for chlorine w i l l 
give r i s e to d i f f e r i n g photoproducts i n the two systems. In 
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p a r t i c u l a r , methacrylonitrile lacks the absorbance at 244 nm observed 
i n the CUV for ch l o r o a c r y l o n i t r i l e , and hence the exact nature of the 
films formed should be expected to be differ e n t . Thus, i n the CUV, 
photochemistry for the methacrylonitrile must rely on s c i s s i o n of the 
C-Me and C-H bonds, since the energy input to the monomer at 254 nm i s 
i n s u f f i c i e n t to break either the C=C or CN bonds. In contrast, 
methacrylonitrile photochemistry can s t i l l occur i n the VUV due to the 
i i <c— i i ethylenic t r a n s i t i o n . The n < — (T n i t r i l i c t r a n s i t i o n 
cannot be of any importance here, since no n i t r i l e groups were found 
to have reacted. The gas phase diss o c i a t i o n products i n the VUV w i l l 
therefore be analogous to those obtained for c h l o r o a c r y l o n i t r i l e , i e 
H2, HCN, HCCCN and HCCH v i a 1,1 and 1,2 molecular elimination 
respectively, together with atomic hydrogen and CN. The secondary 
photolysis of the acetylenes, and possibly HCN, should again 
contribute to fi l m deposition, an ove r a l l free r a d i c a l mechanism being 
invoked. 
The most stable r a d i c a l formed i n the CUV w i l l be H^CC'CN. Loss 
of a v i n y l i c hydrogen atom i s unlikely, since an unstable r a d i c a l , 
'HCCMeCN, r e s u l t s . Using t h i s as the (free r a d i c a l ) i n i t i a t i n g step, 
a simple radical addition mechanism might seem l i k e l y here;" however, 
although the C:N rati o obtained, at 4:1, corresponds with that 
expected for polymethacrylonitrile homopolymer, the Cls envelope 
reveals a 1:1 ra t i o for the 285.0 eV to 286.6 eV peak areas, rather 
than the 3:1 expected, i e the experimental data suggests that there 
are as many C-CN environments i n the fi l m as there are carbon atoms 
not d i r e c t l y bonded to nitrogen. This also rules out a 
po l y a c r y l o n i t r i l e structure, (-CH -CHCN-), for which a 2:1 r a t i o 
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should be seen in the Cls , together with a 3:1 r a t i o for C:N.^ The 
structure and mechanism are thus more complicated than that occurring 
i n the homopolymer obtained by a conventional free r a d i c a l addition 
mechanism. 
5.7.3 Summary 
Methacrylonitrile forms surface photopolymers at both VUV and CUV 
wavelengths. S i m i l a r i t i e s and differences are found when the 
photopolymer and photochemistry i s compared to that of 
c h l o r o a c r y l o n i t r i l e , but the importance of the substrate surface i s 
once again shown, whilst a consideration of the ESCA r e s u l t s obtained 
also give an insight not only into the chemical composition of the 
thin films formed, but the l i k e l y photopolymerization as w e l l . 
5.8 Chloroac r v l o n i t r i l e / Iodine 
Chloroacrylonitrile was i r r a d i a t e d i n the presence of iodine as 
a free r a d i c a l scavenger i n order to confirm that the surface 
photopolymerization mechanism i s indeed free r a d i c a l i n nature. 
3 -1 
Monomer flow rates in the range 0.1-0.2 CM c„Dniin were photolysed at 
254 nm and at 185 nm using, respectively, O r i e l S c i e n t i f i c medium 
pressure, and Hanovia Low Pressure, arc lamps. Film deposition at low 
flow rate was completely inhibited at 254 nm for both substrate 
orientations i n the reactor. However, complete coverage of the 
aluminium substrate was observed at high flow rate for the v e r t i c a l 
substrate position, the horizontal position giving r i s e to incomplete 
deposition. The Nls envelope again showed a small peak at 400.8 eV, 
i n d i c a t i v e of N-C and N=C environments. Polymer formation at 185 nm 
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was completely inhibited at low flow rate, whilst complete suppression 
of the A12p signal was seen at high flow rate. The Cl s spectra were 
not f i t t e d due to the presence of a (small) amount of iodine i n the 
films, Table 5.12. 
ELEMENTAL RATIOS 
C I CI N 0 Al 
no deposition Y 
incomplete deposition Y 
100 2 19 24 2 
no deposition Y 
100 2 26 28 3 
NOTE : 1. Flow rate could not be accurately determined. 
TABLE 5.12 Chloroacrylonitrile / 1^ Photopolymers 
Note that, for VUV i r r a d i a t i o n , the C:C1:N r a t i o i s high (3.8:1:1) and 
very s i m i l a r to that obtained for a high flow rate i n the absence of 
iodine vapour. However, the chlorine content of the f i l m deposited i n 
the CUV i s twice as great as any previously observed. Thus, whereas 
the addition i f I during i r r a d i a t i o n below 200 nm appears simply to 
i n h i b i t the deposition rate, addition above at 254 nm probably a l t e r s 
the exact f i l m deposition mechanism as well, since s c i s s i o n of the 
carbon-chlorine bond cannot occur to nearly the same extent as i n 
previous experiments. The low incorporation of iodine i n the fi l m 
shows that, although inhibition occurs, the polymerization termination 
step i n the deposited fi l m i s unlikely to be of the form: 
REGION FLOW RT 
3 . -1 cm mm 
UV(254 nm) 0.06 
0.14 
0.2 
VUV(185 nm) low 1 
high 1 
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R' + I 2 — > RI + I ' 
otherwise the C:I ra t i o would have been lower. This may be because 
the polymer actually grows on the fi l m surface by combination of 
ex i s t i n g r a d i c a l s with those i n the gas phase, propagation occurring 
whenever a d i r a d i c a l or a v i n y l i c / a c e t y l e n i c species i s involved: 
R' + R' : — > R-R'' (1) 
R" + CH2=CHX --> R-CH2-C"HX (2) 
R' + HCCX --> R-CHC*X (3) 
where X = H, CI, CN 
such that the iodine atom i s s t e r i c a l l y hindered from reacting with 
the fi l m surface. This i n turn suggests that i n h i b i t i o n of the 
surface polymerization process i s i n fact by reaction of iodine with 
the gas-phase r a d i c a l species, quenching them before they have a 
chance to diffuse to the substrate position and react with r a d i c a l s on 
the growing f i l m surface. This would explain why complete i n h i b i t i o n 
i s only seen at low flow rate, when the ra t i o of iodine to monomer 
molecules was greatest - since the iodine p a r t i a l pressure i n the 
system was limited by i t s vapour pressure/sublimation rate, the r a t i o 
of iodine to monomer molecules decreases with increasing flow rate, 
such that a point i s eventually reached at which there there i s 
phy s i c a l l y not enough iodine i n the system to quench every free 
r a d i c a l photoproduct, and hence polymerization by migration of these 
species to the surface i s now able to occur. I f the i n h i b i t i o n took 
place on the surface i t s e l f , then, since the substrate surface area i s 
constant whatever the flow rate, either more iodine should be 
incorporated into the f i l m and/or there should not be such a marked 
dependence of the polymerization process on the monomer flow rate. 
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5.9 Surface Photo-polymerization - a Deposition Model 
The preceding sections have discussed the nature of the thin 
films formed when various monomers are i r r a d i a t e d with u l t r a v i o l e t or 
vacuum u l t r a v i o l e t l i g h t , and have speculated on the nature of the 
photochemistry, excited states and depositing species responsible for 
polymer formation. The importance of surface a c t i v a t i o n by photons 
has also been noted, whilst the absence of d i r e c t i r r a d i a t i o n of the 
surface was not seen to completely prevent deposition. Drawing 
together a l l the evidence found both by experimental observation and 
also i n the l i t e r a t u r e , the i n i t i a t i o n , propagation and termination 
steps can be summarised as follows: 
INITIATION 
1. Main route - monomer molecules adsorped onto activated substrate 
surface undergo primary and secondary photolysis to give HX (via 
molecular elimination), HCCX, H, X etc, mainly v i a a 
3 
v i b r a t i o n a l l y excited B ethylenic ground state i n the VUV; to 
give CH^-C'CCN + X i n the CUV. Acetylenes undergo secondary 
photolysis to give C^X' 
Minor route - active r a d i c a l photolysis products diffuse to the 
substrate where they are adsorped. 
X,Y = H, CI, CN, Me. Both routes lead to active r a d i c a l s i t e s on the 
substrate and photocell surfaces, together with a "soup" of monomer 
molecules and assorted photolysis products i n the gas phase. 
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PROPAGATION 
2. Radical polymerization of monomer molecules (CH2CXY) and 
secondary photolysis products (HCCX, HCN) occurs using e x i s t i n g 
r a d i c a l s on the film surface as i n i t i a t o r s . Chain growth w i l l 
occur both on the f i l m surface and also with eg dimers, trimers 
etc and other d i r a d i c a l s i n the gas phase, the l a t t e r also giving 
r i s e to crosslinking. 
TERMINATION 
3. Radical recombination between R' on the film surface and R'' i n 
the gas phase, or e l s e by cross-linking of two polymer chains i n 
the f i l m surface. 
INHIBITION BY HALOGEN VAPOUR 
4. Major route - quenching of propagating species i n the gas phase 
before they can migrate to the substrate. 
Minor route - quenching of active r a d i c a l s i t e s on the growing 
fi l m surface (this i s s t e r i c a l l y hindered). 
The above mechanism i s r e l a t i v e l y simple, and does not pretend to 
be complete. However, further evidence that i t i s correct i n outline 
can be found i n the work of Koizumi et a l , who found that v i n y l 
chloride i r r a d i a t e d at 253.7 nm i n the presence of mercury deposited a 
white photopolymer on the ir r a d i a t e d surfaces of the photolytic c e l l . 
The rate of reaction was found to depend on the nature of the 
substrate used, as well as the pressure of monomer and mercury i n the 
photolytic c e l l : 
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v = k[CH 2=CHCl][Hg]I (1) 
where I i s the i n t e n s i t y of the absorbed incident l i g h t , whilst no 
polymer formation was v i s i b l e in the absence of mercury. The mechanism 
for deposition was suggested to be as follows : 
1) I n i t i a t i o n of the chain takes place i n the gaseous phase. 
2) Propagation proceeds i n the gaseous phase or on the wall of 
the photolytic c e l l . 
3) Termination occurs only on the wall of the v e s s e l . 
The authors also found that changing the nature of the substrate 
in the vessel could a l t e r the speed of reaction, and correctly 
concluded that part of the reaction must therefore take place on the 
substrate surface. However, i t must be the i n i t i a t i o n step that i s 
important here, as shown in t h i s work, since only the speed of 
nucleation of the f i r s t few monolayers of the f i l m w i l l depend on the 
substrate-film interaction; thereafter, c o l l i s i o n at the surface w i l l 
occur between propagating species and the growing organic f i l m only. 
Thus i t i s incorrect to say that i n i t i a t i o n occurs (only) i n the 
gaseous phase. In addition, the existence of a pressure dependence 
for v i n y l chloride photopolymerization suggests the existence of a 
v i b r a t i o n a l l y excited ground state in the deposition process, contrary 
to the s i n g l e t excited state suggested to be involved in s c i s s i o n of 
the carbon-chlorine bond i n c h l o r o a c r y l o n i t r i l e . However, the l a t t e r 
occurred i n the absence of mercury vapour, and therefore was not a 
s e n s i t i s e d reaction. The data of Koizumi et a l , which was not f u l l y 
understood at the time (1953), can be r a t i o n a l i s e d using the r e s u l t s 
of C a l l e a r and Cvetavonic obtained i n 1956. These assumed that two 
e l e c t r o n i c a l l y and v i b r a t i o n a l l y excited states were involved i n the 
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o v e r a l l s e n s i t i s a t i o n reaction; both were subject to c o l l i s i o n a l 
deactivation, but that only one decomposed v i a molecular elimination 
to give the corresponding acetylenes. Using the method of Calvert and 
P i t t s then the primary quenching step (1) i s t r i p l e t energy transfer 
3 
from an Hg( P^) state to produce a v i b r a t i o n a l l y excited t r i p l e t state 
* 
C 2H 3C1 which i s deactivated to the ground state or isomerized to 
** 
C^H^Cl , probably as vib r a t i o n a l l y excited t r i p l e t ethylidene (2). 
This i n turn undergoes molecular elimination of HC1 or to give the 
corresponding acetylenes (4,5), or rearrange followed by deactivation 
(6) : 
C 2H 3C 
: 2 H 3 C I * 
Hg( 3P 1) —> C 2H 3C1* + Hg( 1S ( )) (1) 
C 2H 3C1* —> ** C 2H 3C1 (2) 
+ C 2 H 3 C 1 —> 2C 2H 3C1 (3) 
** 
C 2H 3C1 —> C 2H 2 + HC1 (4) 
** 
C 2H 3C1 —> C2HC1 + H 2 (5) 
+ C 2H 3C1 —> 2C 2H 3C1 (6) ** C 2H 3C1 
The above photochemistry i s sim i l a r to that obtained for continuous 
* 
i r r a d i a t i o n at ca. 180 nm resulting i n i i < — i i excitation of C=C, 
with the exclusion of atomic hydrogen and chlorine production. The 
over a l l photopolymerization mechanism for v i n y l chloride i s " therefore 
mainly analogous to that obtained i n t h i s work for 
ch l o r o a c r y l o n i t r i l e . The lack of f i l m deposition reported for v i n y l 
chloride i r r a d i a t e d at 253.7 nm i n the absence of mercury can be 
attributed to the lack of a v a i l a b i l i t y of a suitable surface s e n s i t i v e 
technique, such as ESCA, at the time. In contrast, the l a t t e r enabled 
investigation into the importance of substrate activation i n surface 
photopolymerization by incident photons which, although not s t r i c t l y 
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necessary for f i l m growth to occur, promotes nucleation of the f i r s t 
monolayer of polymer, and hence leads to a f a s t e r f i l m deposition 
rate. The idea of "polymerization" here a c t u a l l y being a s e r i e s of 
ra d i c a l copolymerizations i s also thought to be new at the time of 
writing, whilst no mention was found i n the l i t e r a t u r e of in h i b i t i o n 
of surface photopolymerization by iodine. 
F i n a l l y , the surface polymerization model i s also applicable to 
plasma polymerization. By analogy, the l a t t e r involves activation of 
the substrate v i a impact of ions, promoting int e r a c t i o n of the surface 
with the f i r s t monomer monolayer. I n i t i a t i o n of polymerizing species 
i s v i a electron impact excitation to give excited state neutrals, 
metastables and ions. These can decay to give primary products, which 
can i n turn undergo electron impact excitation to give secondary 
products. Propagation of the polymer i s v i a (multiple) chain growth 
of the f i l m surface by the species produced i n the plasma. The exact 
nature of these - rad i c a l s or ions - w i l l depend on the monomer used 
and the power input into the system (the l a t t e r since i t a f f e c t s the 
ki n e t i c energy available to the free electrons formed i n the plasma, 
and hence to the amount of energy that can be transferred during 
electron impact excitation) . That the l a t t e r can also give r i s e to 
photopolymerization has been noted by Sieck at a l , who observed ionic 
polymerization of v i n y l halides i n the vapour phase i n i t i a t e d by 
photoionisation using photons with energies over the ionisation 
threshold. Hence surface photopolymerization i s t r u l y a model for 
plasma polymerization. 
CHAPTER 6 
POSITIONAL DEPENDENCE WITHIN A PHOTOCHEMICAL REACTOR 
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6.1 Introduction 
Chapter 5 showed that, as for plasma polymerization, the chemical 
composition of photochemically deposited organic thin films i s 
influenced by the parameters W, F and M i n the form of photon flux, 
flow rate and the monomer used, together with the wavelength of 
incident radiation. Overall, i t was shown that a knowledge of the 
photochemistry involved i n surface photopolymerization can give an 
insight into the possible mechanism of plasma polymerization. However, 
since chapters 3 and 4 showed that substrate position within a plasma 
reactor influences the f i l m deposited, i f plasma and surface photo-
polymerization are t r u l y analogous, then positional dependence should 
be observable i n the l a t t e r as well. In order to t e s t t h i s , the 
va r i a t i o n of chemical composition of thin films deposited from metha-
and chloro- a c r y l o n i t r i l e were investigated as a function of distance 
from the window of the photolytic c e l l . The i n i t i a l r e s u l t s suggested 
that such a dependence indeed existed for the system; they further 
indicated that the flow of activated species downstream might also 
influence the deposition process along the length of the reactor. The 
investigation was thus widened to examine t h i s second p o s s i b i l i t y . 
6.2 Experimental 
The experimental apparatus used for both VUV and CUV studies was 
the same as that described i n Chapter Five, except that in l a t e r 
experiments the monomer i n l e t position was moved further upstream so 
that i t was now only about 1cm away from the window (cf some 6cm 
previously). 
Chloro- and m e t h a c r y l o n i t r i l e were degassed by freeze-thaw c y c l e s 
p r i o r to use. VUV r a d i a t i o n was s u p p l i e d u s i n g a 50W i n d u c t i v e l y 
coupled plasma e x c i t e d i n 0.4mb of ni t r o g e n ; CUV experiments were 
c a r r i e d out w i t h the O r i e l S c i e n t i f i c medium p r e s s u r e Hg/Xe a r c lamp. 
Monomer p r e s s u r e s used were i n the r e g i o n of 0.1-0.2mb, corresponding to 
flow r a t e s of 0.4-0.6 cc(STP)min 1 w h i l s t ESCA a n a l y s i s was c a r r i e d Out 
u s i n g e i t h e r the Kratos ES300 or ES200 spectrometer, together w i t h 
t h e i r a s s o c i a t e d data a n a l y s i s f a c i l i t i e s . 
6.3 R e s u l t s and D i s c u s s i o n 
I . P o s i t i o n a l Dependence 
S u b s t r a t e s were p l a c e d immediately next to the window, as w e l l as 
6, 12, 18 and 24cm downstream. Photon f l u x d e c r e a s e d down the l e n g t h of 
the r e a c t o r due to (a) decrease of l i g h t i n t e n s i t y with d i s t a n c e 
2 
f o l l o w i n g the 1/r law (where r = the d i s t a n c e of the s u b s t r a t e from 
the l i g h t s o u r c e ) ; (b) a b s o r p t i o n of photons by other monomer molecules 
n e a r e r to the window. Accordingly, the f i l m d e p o s i t i o n r a t e d e c r e a s e d 
the f u r t h e r away the s u b s t r a t e was from the window. I n i t i a l r e s u l t s 
f o r a c h l o r o a c r y l o n i t r i l e 2 hour VUV s t a t i c photopolymer (Table 6.1) 
showed a d i f f e r e n c e i n chemical composition between the window and 6cm 
p o s i t i o n s , w h i l s t the remaining s u b s t r a t e s showed l i t t l e other than 
p h y s i c a l a d s o r p t i o n of monomer. S i n c e s u b s t r a t e o v e r l a y e r c a l c u l a t i o n s 
were n e c e s s a r y i n the above example,* 
J the d i f f e r e n c e s cannot 
n e c e s s a r i l y be a t t r i b u t e d to d i f f u s i o n e f f e c t s of a c t i v a t e d s p e c i e s 
from one s u b s t r a t e p o s i t i o n to the next. 
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P o s i t i o n Atomic R a t i o s F i l m Thickness/A 
Carbon C h l o r i n e Nitrogen 
lcm 100 15 19 44 
6 100 6 24 21 
12/18/24 Evidence f o r p h y s i c a l a d s o r p t i o n only 
TABLE 6.1 C h l o r o a c r y l o n i t r i l e - 2 Hour VUV ( S t a t i c ) Photopolymer 
F u r t h e r experiments i n the VUV showed t h a t complete f i l m coverage 
of the aluminium s u b s t r a t e s was not a c h i e v a b l e w i t h i n reasonable 
t i m e s c a l e s u n l e s s these were p o s i t i o n e d next to the window. A t t e n t i o n 
was t h e r e f o r e turned t o the higher d e p o s i t i o n r a t e s a c h i e v a b l e i n the 
near UV region ( i . e . > 200 nm) u s i n g the Hg/Xe a r c lamp i n a s t a t i c 
monomer system. R a i s i n g the d e p o s i t i o n time to 18 hours suppressed the 
Al2p s i g n a l f o r the two n e a r e s t s u b s t r a t e p o s i t i o n s ( i . e . next to, and 
6cm away from, the window). Incomplete f i l m d e p o s i t i o n s were observed 
f o r the remaining s u b s t r a t e s except f o r t h a t a t the 24cm p o s i t i o n , 
e n a b l i n g s u b s t r a t e o v e r l a y e r c a l c u l a t i o n s to be performed to f i n d the 
c h l o r i n e and n i t r o g e n elemental r a t i o s with r e s p e c t t o carbon. Table 
6.2 shows the r e s u l t s f o r the n e a r e s t s u b s t r a t e p o s i t i o n s f o r the 
s t a t i c systems a t d i f f e r e n t lamp d i s c h a r g e powers (and hence photon 
f l u x e s ) . I n two c a s e s the C1:N r a t i o i s approximately u n i t y f o r the 
s u b s t r a t e p o s i t i o n n e a r e s t to the window (Table 6 . 2 ( i i ) ) , with higher 
r e t e n t i o n of c h l o r i n e and n i t r o g e n by the d e p o s i t i n g f i l m o c c u r r i n g 











to cold trap 
&pump 
FIGURE 6.1 Experimental Apparatus - Deposition Chamber 
(NOTE : UV lamp is replaced by a nitrogen plasma chamber 
for VUV irradiation) 
TABLE 6.2 CHLOROACRYLONITRILE 
STATIC UV PHOTOPOLYMER 
ATOMIC RATIOS C1S ENVELOPE 
PER 100 C ATOMS 
NCEFROM 
1NDOW CHLORINE NfTROCEN OXYGEN 285.0 28&6 287.7 289.0 THICKNESS/A 
160W 
1 cm 23 23 16 28 41 22 10 >10O0 
6 27 28 19 20 46 27 7 83 
12 14 22 38 
18 18 18 25 
24 0 
195W 
1 cm 24 23 11 40 27 9 >10DD 
6 29 24 10 45 2S 10 >I000 
12 24 21 67 
18 19 17 17 
24 25 19 15 
225 W 
1 cm I S 23 10 34 38 23 7 >1000 
6 21 27 I S 38 38 20 7 >1000 
12 17 22 23 
18 14 8 23 
24 8 9 29 
NB SPECTROSIL B WINDOW USED THROUGHOUT 
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DISTANCE/cm 1 6 12 18 24 
POWER/W 160 0 .98 0 .95 1 .61 0 .91 0 87 
195 0 .98 0 .81 0 .88 0 .89 0 78 
225 1 .5 1 .31 1 .29 0 .44 1 09 
TABLE 6 . 2 ( i i ) Nitrogen : C h l o r i n e R a t i o , S t a t i c System 
The l a t t e r o b s e r v a t i o n c o u l d be accounted f o r by a c t i v a t e d s p e c i e s 
next to the window d i f f u s i n g to the 6cm p o s i t i o n and i n f l u e n c i n g the 
f i l m d e p o s i t i o n . A l t e r n a t i v e l y , the hig h e r heteroatom r e t e n t i o n 
f u r t h e r from the window could be a photon f l u x e f f e c t , the a t t e n u a t i o n 
of i n t e n s i t y over the 6cm s u b s t r a t e s e p a r a t i o n b e i n g g r e a t e r than t h a t 
caused by d e c r e a s i n g the d i s c h a r g e power of the lamp from 190 to 160W. 
These s t a t i c system experiments were c o n s o l i d a t e d u s i n g a f l o w i n g 
system, the r e s u l t s of which f o r a t y p i c a l mid range flow r a t e a r e 
l i s t e d i n Table 6.3 and show t h a t the chemical composition of the f i l m s 
does change with s u b s t r a t e p o s i t i o n , complete d e p o s i t i o n o c c u r r i n g 
throughout. The maximum n i t r o g e n and c h l o r i n e content occurred a t the 
12cm p o s i t i o n and corresponded to a minimum and maximum i n the C l s 
component peaks c e n t r e d a t 285.0 and 286.6 eV r e s p e c t i v e l y , together 
w i t h a maximum f o r t h a t a t 287.8 eV ( i n d i c a t i v e of Cl-C-CN) . These 
maxima and minimum i n f a c t correspond t o the s u b s t r a t e p o s i t i o n 
immediately above the monomer i n l e t , and suggest e i t h e r ( i ) t h a t the 
longer the re s i d e n c e time of the monomer molecules i n the p h o t o l y s i s 
c e l l , or ( i i ) the lower the c o n c e n t r a t i o n of monomer i n the system 
(such t h a t the power to monomer flow r a t e (W/F) i s high) , then the more 
l i k e l y the l o s s of c h l o r i n e and/or n i t r o g e n content i s during f i l m 
d e p o s i t i o n . 
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DISTANCE from Atomic R a t i o s 
Window / cm C CI N 0 
1 100 10 14 13 
6 100 15 18 16 
12 100 19 24 7 
18 100 8 11 11 
24 100 5 5 18 
TABLE 6.3 P o s i t i o n a l Dependence - Flowing System 
The monomer i n l e t p o s i t i o n was moved immediately next to the 
window from i t s p o s i t i o n 12cm downstream ( F i g u r e 6.3), i n order to see 
how t h i s i n f l u e n c e d the system. 0.13mb of f l o w i n g c h l o r o a c r y l o n i t r i l e 
was i r r a d i a t e d i n the CUV f o r 4 1/2 hours. The r e s u l t s ( F i g u r e s 6.4, 
6.5) again show a maximum f o r both c h l o r i n e and n i t r o g e n content a t the 
12cm p o s i t i o n . Complete coverage of the s u b s t r a t e o c c u r r e d only w i t h i n 
6cm of the window, a r e s u l t comparable to t h a t o b t a i n e d i n the VUV by a 
ni t r o g e n plasma i n i t i a t e d f o r 10 hours. A comparison of the chemical 
composition of the two f i l m s formed r e v e a l e d t h a t the C1:N r a t i o i n the 
VUV cas e i s c l o s e to u n i t y , whereas - as before - i n the CUV c h l o r i n e 
i s p r e f e r e n t i a l l y l o s t , g i v i n g r i s e t o a lower ( n e a r l y consta'nt) r a t i o . 
O v e r a l l , the p o s i t i o n of the monomer i n l e t appears p r i m a r i l y to a f f e c t 
the d e p o s i t i o n r a t e more than the chemical composition of the deposited 
f i l m s ; however, i t i s n o t i c e a b l e t h a t t h e r e i s g r e a t e r r e t e n t i o n of C I 
and N a t the window and 6cm p o s i t i o n s when the monomer i n l e t i s next to 
the window, again r e f l e c t i n g the s h o r t e r monomer r e s i d e n c e time i n the 
p h o t o l y s i s c e l l before s u r f a c e photopolymerization occurs at the s e 
p o s i t i o n s . 
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Atomic Ratio per 100 C atoms 
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FIGURE 6.3 Experimental Apparatus - new monomer inlet 
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I I . Dependence on D i r e c t i o n of Flow 
A l l the experiments noted above u t i l i s e d f r e s h monomer e n t e r i n g the 
p h o t o l y t i c c e l l a t or near the window, p r i o r to b eing swept downstream 
w h i l s t s t i l l being i l l u m i n a t e d . 
I n order to f i n d the downstream l i m i t of i n f l u e n c e and d e p o s i t i o n 
f o r molecules a c t i v a t e d a t a p a r t i c u l a r p o s i t i o n i n the c e l l i n the 
absence of f u r t h e r i r r a d i a t i o n , the monomer flow i n the experiment was 
r e v e r s e d such t h a t f r e s h monomer en t e r e d at the f a r end of the r e a c t o r 
and was swept towards the window before e x i t i n g through 1/2 i n c h 
diameter g l a s s tubing. S i n c e the Hg/Xe lamp proved u n r e l i a b l e when 
used over long d e p o s i t i o n p e r i o d s , i t was r e p l a c e d by an a l t e r n a t i v e 
VUV i r r a d i a t i o n source, namely a 60W plasma i n i t i a t e d i n 0.2mb of 
n i t r o g e n i r r a d i a t i n g 0.13mb of c h l o r o a c r y l o n i t r i l e ( e q u i v a l e n t to 0.42 
3 -1 
cm (STP)min ) ) f o r a 36 hour period. The r e s u l t was a v i s i b l e brown 
polymeric d e p o s i t , not only on the CaF^ window, but a l s o some 6-10cm 
down the monomer e x i t tubing. S i n c e t h i s l a t t e r was completely 
s h i e l d e d from d i r e c t i l l u m i n a t i o n by the chamber above, any d e p o s i t i o n 
was concluded to be e n t i r e l y due to s p e c i e s a c t i v a t e d by i r r a d i a t i o n i n 
the main chamber which were subsequently pumped s t r a i g h t out of the 
r e a c t o r b e f o r e d e p o s i t i n g . Since the d e p o s i t e d f i l m i n the e x i t 
( g l a s s ) t u b i n g was e a s i l y v i s i b l e to the naked eye, i t must have been 
at l e a s t s e v e r a l thousands of Angstroms t h i c k . Taken over a 36 hour 
d e p o s i t i o n time, t h i s g i v e s a d e p o s i t i o n r a t e i n the order of hundreds 
of Angstroms per hour, i . e . a f a s t e r r a t e than t h a t seen i n any 
p r e v i o u s experiments. One p o s s i b l e e x p l a n a t i o n f o r such an i n c r e a s e d 
r a t e c o u l d be t h a t polymer f i l m was formed due to the e x i s t e n c e of a 
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very weak plasma i n the d e p o s i t i o n chamber du r i n g the experiment, 
induced by the presence of the n i t r o g e n plasma i n the a d j o i n i n g 
chamber. However, t h i s can be di s c o u n t e d f o r a number of reasons -
f i r s t l y , both the window and the system as a whole were e a r t h e d i n 
order to prevent the r f f i e l d extending i n t o the d e p o s i t i o n chamber; 
and secondly, previous e x p e r i e n c e of j u s t such a phenomenon o c c u r r i n g 
showed t h a t a f i l m t h i c k enough to be seen w i t h the naked eye was 
de p o s i t e d i n minutes r a t h e r than hours. Regular i n s p e c t i o n over the 
p e r i o d of the experiment showed t h a t the f i l m appeared t o b u i l d up 
g r a d u a l l y ; the f i l m was t h e r e f o r e concluded t o be formed e n t i r e l y as a 
r e s u l t of the s u r f a c e photopolymerization p r o c e s s . 
I n t e r e s t i n g l y , d e p o s i t i o n only o c c u r r e d on, and immediately next 
to, the window - the 6 to 24cm p o s i t i o n s downstream showed l i t t l e 
evidence of f i l m formation, suggesting t h a t any b a c k - d i f f u s i o n of 
d e p o s i t i n g s p e c i e s t h a t might occur i s swamped by t h e flow r a t e e f f e c t . 
T h i s i n t u r n would suggest t h a t d e p o s i t i o n observed i n t h e s e p o s i t i o n s 
i n p r e v i o u s experiments ( i n which the monomer flow was not reve r s e d ) i s 
l i k e l y t o be due, at l e a s t i n p a r t , to such s p e c i e s being swept 
downstream from the window region, although the p o s i t i o n of the i n l e t -
as a source of f r e s h monomer - has been shown t o be an" important 
c o n s i d e r a t i o n here. 
The f a c t t h a t f i l m d e p o s i t i o n i n the r e v e r s e d flow c a s e o c c u r r e d 
so f a r down the e x i t tube suggests t h a t ( i ) polymer formation here does 
not occur as a r e s u l t of monomer being adsorped onto the w a l l / s u b s t r a t e 
p r i o r to being i r r a d i a t e d , with p o l y m e r i z a t i o n subsequently t a k i n g 
p l a c e between molecules a l r e a d y l y i n g on the s u r f a c e ; ( i i ) the s p e c i e s 
a c t u a l l y i n v o l v e d i n the s u r f a c e photopolymerization of 
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c h l o r o a c r y l o n i t r i l e a r e r e l a t i v e l y long l i v e d . T h i s would be i n 
agreement w i t h the o b s e r v a t i o n s i n chapter 5 on the s u r f a c e 
photopolymerization c a r r i e d out i n the presence of i o d i n e vapour, which 
suggested t h a t f r e e r a d i c a l s a r e l i k e l y t o be r e s p o n s i b l e - e i t h e r 
wholly or i n p a r t - f o r polymer formation. 
Knowing the approximate l i m i t of d e p o s i t i o n i n the e x i t tube, we 
can make a s i m p l i s t i c e s t i m a t e of the l i f e t i m e of the d e p o s i t i n g 
s p e c i e s i n v o l v e d : 
diameter, d, of e x i t t u b ing = 1/2 inch= 1.27 cm 
, 2 2 
c r o s s - s e c t i o n a l a r e a = (d/2) 1.27cm 
3 . -1 
v o l u m e t r i c flow r a t e employed = 0.42 cm ( g T p ) 1 1 1 1 1 1 T n e 
v o l u m e t r i c flow r a t e a t the p r e s s u r e used (0.13mb=0.1 t o r r ) i s 
e q u i v a l e n t to : 
0.42 x (760/0.1) = 3192 cm 3 (0.1 t o r r j m i n " 1 
D i v i d i n g by the c r o s s - s e c t i o n a l a r e a g i v e s us an approximate average 
l i n e a r flow r a t e of 2513 cm min * a t 0.1 t o r r , e q u i v a l e n t to 42 cm s 
Si n c e f i l m was observed some 6-10 cm along the e x i t tubing, t h i s 
suggests e i t h e r t h a t some d e p o s i t i n g s p e c i e s i n i t i a l l y formed l i v e f o r 
at l e a s t 0.1 s, or e l s e t h a t , i f s h o r t e r - l i v e d , they may decompose i n t o 
other long l i v e d s p e c i e s which i n t u r n c o n t r i b u t e to f i l m formation. 
However, the above view of the problem i s too s i m p l i s t i c s i n c e 
a) although the experimental evidence i n d i c a t e s t h a t the flow 
of both monomer and d e p o s i t i n g s p e c i e s i s dominated by the 
flow r a t e of the system, d i f f u s i o n w i l l a l s o p l a y a p a r t . 
b) gas k i n e t i c s , i n c l u d i n g d i f f u s i o n p r o c e s s e s , i s q u i t e a 
mathematical t o p i c i n i t s own r i g h t , r e q u i r i n g a more 
s o p h i s t i c a t e d approach than t h a t above. 
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The l a t t e r can be found f o r d i f f u s i o n i n the E i n s t e i n - S c h m o l u s k i Law, 
which governs the time taken, , f o r a p a r t i c l e t o d i f f u s e a given 
d i s t a n c e , x, such t h a t : 
= x / 2D 
where D i s the D i f f u s i o n C o e f f i c i e n t of the gas i n v o l v e d ( i e here 
c h l o r o a c r y l o n i t r i l e vapour and the gas phase d e p o s i t i n g and 
non-depositing s p e c i e s formed from i t ) . A c t u a l v a l u e s of D are 
propo'rtional to the i n v e r s e of the p r e s s u r e of the system, 1/P, wi t h 
2 -1 
t y p i c a l v a l u e s a t 10 t o r r being i n the range 10-100 cm s , as 
2 
suggested by Mulcahy. Using t h e s e upper and lower l i m i t s an e s t i m a t e 
of the time taken f o r p a r t i c l e s t o d i f f u s e 10 cm from the main chamber 
to the l i m i t of v i s i b l e f i l m d e p o s i t i o n i n the e x i t tubing i s given by: 
2 -1 
UPPER LIMIT - D = 100 cm s 
2 -1 
Now D = k / P where k i s a const a n t i n mb cm s 
=> k = DP 
= 100 X 13.3 (10 t o r r = 13.3 mb) 
2 -1 = 1330 mb cm s 
t h e r e f o r e , i f P = 0.13mb => D = 10230 cm s 
such t h a t = ( 1 0 ) 2 / (2 X 10230) 5 X 1 0 _ 3 s " 
2 -1 
LOWER LIMIT - D = 10 cm s 
. . -2 
S i m i l a r l y = 5 X 10 s 
T h i s g i v e s an e q u i v a l e n t l i n e a r d i f f u s i o n v e l o c i t y of 2 - 20 m s \ 
showing t h a t d i f f u s i o n e f f e c t s cannot be ignored. I n a d d i t i o n , the 
average time taken f o r a p a r t i c l e t o d i f f u s e t o the w a l l s of the e x i t 
2 
tube i s given by R /D, where R i s the r a d i u s of the c y l i n d e r ( i . e . 
2 
tube) i n v o l v e d . T h i s g i v e s a l i f e t i m e of 
2 -5 (1.27/2) / 10230 = 4 x 10 s (lower l i m i t ) 
/ 1023 = 4 x 1 0 ~ 4 s (upper l i m i t ) 
-4 -3 
compared to r e s p e c t i v e l i m i t s of about 2 x 1 0 t o 2 x l 0 s f o r the 
(1 i n c h diameter) main chamber. 
At f i r s t s i g h t , the longer d i f f u s i o n time c a l c u l a t e d f o r the main 
chamber - which has the lower f i l m d e p o s i t i o n r a t e compared to the 
s m a l l e r e x i t tube - might suggest t h a t the d e p o s i t i n g s p e c i e s i n f a c t 
-3 
have maximum l i f e t i m e s i n the order of 10 s, r a t h e r than the 0.1s 
suggested by the l i n e a r flow r a t e c a l c u l a t i o n , s i n c e the nature of the 
s p e c i e s i n v o l v e d should be the same i n both c a s e s . I f t r u e , t h i s would 
not allow d e p o s i t i o n to be seen as f a r down the e x i t tube as i t was i n 
f a c t observed. Even i f moving a t the maximum t h e o r e t i c a l d i f f u s i o n 
speed (20 m s "S , any molecules a c t i v a t e d i n the main chamber d i r e c t l y 
c o n t r i b u t i n g t o d e p o s i t i o n 5 cm down t h e e x i t tube would have to l i v e 
-3 
f o r jit. l e a s t 10 s i n order to do so - longer than the maximum 
l i f e t i m e c a l c u l a t e d above. T h i s r u l e s out e x c i t e d and v i b r a t i o n a l l y 
e x c i t e d ground s t a t e s formed during UV i r r a d i a t i o n as d e p o s i t i n g 
s p e c i e s themselves ( s i n c e t h e i r l i f e t i m e s a r e too s h o r t to t r a v e l the 
r e q u i r e d d i s t a n c e ) , but would support the idea a l r e a d y advanced t h a t i t 
i s s p e c i e s subsequently formed from t h e s e (eg f r e e r a d i c a l s and other 
p h o t o l y s i s products) which a r e r e s p o n s i b l e f o r polymer formation. 
An a l t e r n a t i v e approach to the problem i s to c a l c u l a t e the average 
r e s i d e n c e time, t , i n the f i r s t 10 cm of e x i t tube of any p a r t i c l e , p, c 
which i s swept through i t by the flow a c t i o n . T h i s i s giv e n by the 
equation : 
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t = V / v where V volume of the tube c 
concerned 
v v o l u m e t r i c flow r a t e 
Now, V = R 2 d = 3.14 x ( 1 . 2 7 / 2 ) 2 x 10 
=12.7 cm 3 
3 
v = 0.42 cm (STP)min 
-1 = 3192 cm (0.13mb)min -1 
=> t = 12.7/(3192/60) = 0.24 s c 
T h i s i s a long time p e r i o d compared to photochemical e x c i t a t i o n and 
decomposition p r o c e s s e s , again suggesting t h a t , f o r polymer formation 
to have o c c u r r e d so f a r down the e x i t tube, the d e p o s i t i n g s p e c i e s 
i n v o l v e d must be l o n g - l i v e d . 
However, the above s t i l l does not e x p l a i n the i n c r e a s e d d e p o s i t i o n 
r a t e seen due to u s i n g r e v e r s e monomer flow compared to the pr e v i o u s 
experiments i n which monomer en t e r e d next t o , and flowed away from, the 
window; and those subsequently c a r r i e d out i n s e c t i o n I I I . T h i s c o u l d 
p o s s i b l y be e x p l a i n e d i n terms of the reduced d i f f u s i o n times (from gas 
phase to w a l l s u r f a c e ) f o r the narrower tube i n v o l v e d , and a l s o by a 
c o n s i d e r a t i o n of the number of m o l e c u l e - w a l l c o n d i t i o n s p r e d i c t e d by 
k i n e t i c theory. I n p a r t i c u l a r , i f the diameter of a tube i s h a l v e d -
as happens here - then, f o r a given number of gas molecules, n, the 
volume occupied s t a y s the same w h i l s t the s u r f a c e a r e a of w a l l i n v o l v e d 
i n c r e a s e s by a f a c t o r of 2. Si n c e the p r e s s u r e i n the e x i t tube i s 
e f f e c t i v e l y the same as t h a t i n the main chamber, we can conclude t h a t 
t h e r e a r e twi c e as many mo l e c u l e - w a l l c o l l i s i o n s per second i n the 
narrower tube as the r e a r e i n the l a r g e r s i n c e we now have tw i c e the 
o r i g i n a l s u r f a c e area f o r n unchanged. Assuming t h a t the chance of any 
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molecule coming i n t o c o n t a c t with a w a l l and " s t i c k i n g " (and hence 
l e a d i n g t o s u r f a c e photopolymerization) i s c o n s t a n t , then such an 
i n c r e a s e i n the frequency of c o l l i s i o n s seems l i k e l y to i n c r e a s e the 
r a t e of f i l m d e p o s i t i o n as w e l l . 
Returning to the c a l c u l a t e d l i n e a r flow v e l o c i t y , at 0.42 m s ^ 
t h i s v e l o c i t y i s s m a l l e r than the c a l c u l a t e d r a t e of d i f f u s i o n . 
However, t h i s c o n t r a d i c t s the observed evidence, s i n c e the r e v e r s e - f l o w 
experiment showed t h a t l i t t l e d e p o s i t i o n occurs upstream from the p o i n t 
of UV i r r a d i a t i o n . T h i s c o u l d be e x p l a i n e d when one r e a l i s e s t h a t the 
t r u e nature of the flow dynamics i n v o l v e d i s much more complicated than 
e i t h e r of the two models above a l l o w s . For example, the a c t u a l l i n e a r 
v e l o c i t y of flow i n the ( c y l i n d r i c a l ) apparatus w i l l depend on the 
r a d i a l d i s t a n c e from the l o n g i t u d i n a l a x i s and the a x i a l d i s t a n c e from 
the entrance. Under l i k e l y c o n d i t i o n s the g a s ( e s ) w i l l move, as a 
2 
whole, by v i s c o u s flow, as given by the P o i s e u i l l e Formula : 
u ( r ) = 2 u ( 1 - r 2 / R 2) 
where u ( r ) i s the l i n e a r v e l o c i t y a t a r a d i a l d i s t a n c e , r , from the 
a x i s of the tube; R i s the r a d i u s of the c y l i n d e r i t s e l f and u i 3 the 
(average) l i n e a r flow v e l o c i t y . T h i s means t h a t the gas near the a x i s 
of the tube flows f a s t e r than the gas near the w a l l , c a u s i n g a r a d i a l 
c o n c e n t r a t i o n g r a d i e n t which makes the r e a c t a n t molecules p r e s e n t 
d i f f u s e towards the w a l l . I f d i f f u s i o n were completely absent, then 
the molecules present would move with the bulk of the gas i n p u r e l y 
v i s c o u s flow. T h i s r a d i a l c o n c e n t r a t i o n g r a d i e n t e x i s t s i n a d d i t i o n to 
the a x i a l c o n c e n t r a t i o n g r a d i e n t which causes the r e a c t i n g molecules / 
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d e p o s i t i n g s p e c i e s to d i f f u s e down the e x i t tube towards the c o l d t r a p . 
I n a d d i t i o n , a mixture of flow dynamics through the tube, and f i l m 
d e p o s i t i o n removing molecules from the gas phase, w i l l cause a p r e s s u r e 
drop along both the r e a c t o r chamber and the e x i t tube. 
The above information can be a p p l i e d to a f l o w i n g s u r f a c e 
photopolymerization system as f o l l o w s : 
a) a s t a t i c system r e l i e s on d i f f u s i o n alone to c a r r y gas 
molecules from the bulk to the w a l l of the chamber / e x i t tube. 
b) a flowing system h e l p s d e p o s i t i n g s p e c i e s formed to 
d i f f u s e towards a s u b s t r a t e p l a c e d on the bottom of the r e a c t o r chamber 
more q u i c k l y than i n a s t a t i c one, s i n c e the r a d i a l e f f e c t caused i n 
the former i s absent when no flow i s p r e s e n t . 
c) d e c r e a s i n g the diameter of the tubing used i n c r e a s e s the 
number of molecule-wall c o l l i s i o n s f o r a given volume of monomer vapour 
used, and hence i s l i k e l y to i n c r e a s e the number of d e p o s i t i n g s p e c i e s 
r e a c h i n g the w a l l and/or s u b s t r a t e . 
d) a crude e s timate can be made of the l i f e t i m e s - and hence 
nature - of the s p e c i e s i n v o l v e d i n f i l m d e p o s i t i o n can be made u s i n g a 
rudimentary knowledge of the gas k i n e t i c s / flow dynamics i n v o l v e d . 
These p o i n t s p o s s i b l y help to e x p l a i n why the d e p o s i t i o n r a t e s 
observed throughout t h i s work f o r s u r f a c e photopolymerization were 
c o n s i s t e n t l y higher f o r flowing than f o r s t a t i c c o n d i t i o n s ; i n 
a d d i t i o n , they could a l s o e x p l a i n why the d e p o s i t i o n r a t e i n the 1/2 
i n c h tube was much g r e a t e r , f o r an e q u i v a l e n t time p e r i o d , than i n the 
1 i n c h diameter main chamber. The l i n e a r flow r a t e c a l c u l a t i o n i n d) 
l e a d s to an upper l i f e t i m e l i m i t of about 0.1 s, w h i l s t t h a t determined 
by a c o n s i d e r a t i o n of d i f f u s i o n alone i s i n the order of 0.01 s. These 
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l i m i t s a r e i n agreement, w i t h i n an order of magnitude, with those 
e s t i m a t e d by Ward f o r the s u r f a c e photopolymerization of n - v i n y l 
3 
p y r r o l i d o n e (NVP),using a p u l s e d i r r a d i a t i o n method. Even i f the 
a c t u a l l i f e t i m e s i n v o l v e d are two or t h r e e of o r d e r s of magnitude 
d i f f e r e n t from t h e s e f i g u r e s , such a long l i f e t i m e compared to those of 
photochemically a c t i v a t e d s p e c i e s such as e l e c t r o n i c a l l y or 
v i b r a t i o n a l l y e x c i t e d s t a t e s suggests t h a t i t i s not these l a t t e r , but 
r a t h e r t h e i r d i s s o c i a t i o n products, which a r e i n f a c t r e s p o n s i b l e f o r 
f i l m d e p o s i t i o n , and hence polymer formation. These could i n c l u d e , i n 
p a r t i c u l a r , f r e e r a d i c a l s , i n agreement w i t h the i o d i n e i n h i b i t i o n 
experiments c a r r i e d out e a r l i e r i n t h i s work. 
T h i s p a r t i c u l a r a s p e c t of the photopolymerization p r o c e s s was not 
pursued f u r t h e r due to a l a c k of a v a i l a b l e time; however, the e f f e c t 
of v a r i o u s e x t e r n a l parameters on d e p o s i t i o n r a t e are examined i n 
Chapter Seven. 
I l l . Two Window Experiments 
Surface Photopolymerization f o r the n o n - s t a t i c system has been 
shown to be i n f l u e n c e d by flow r a t e , with d e p o s i t i o n i n the r e a c t o r 
a b l e to occur some way downstream from the p o i n t of i l l u m i n a t i o n . To 
probe t h i s i d e a f u r t h e r , the experimental apparatus shown i n F i g u r e 6.6 
was developed. T h i s allowed i l l u m i n a t i o n t o t a k e p l a c e a t e i t h e r or 
both of two s u b s t r a t e p o s i t i o n s 3cm a p a r t . More importantly, s i n c e the 
i r r a d i a t i o n i s c a r r i e d out a t n i n e t y degrees to the d i r e c t i o n of flow, 
any d e p o s i t i o n r e s u l t i n g f u r t h e r downstream cannot be i n f l u e n c e d by 
c o n t i n u i n g i r r a d i a t i o n . 
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I n i t i a l experiments employed CUV r a d i a t i o n a t p o s i t i o n 1, with VUV 
from an argon plasma a t p o s i t i o n 2. The f i l m s formed by separate 
i r r a d i a t i o n s a t each p o s i t i o n , together w i t h the s u b s t r a t e p l a c e d a t 
p o s i t i o n 3 were a n a l y s e d by ESCA and then compared to the r e s u l t s f o r 
simultaneous i r r a d i a t i o n . 
The r e s u l t s are shown i n Tables 6.4 and 6.5 as a f u n c t i o n of 
i n c i d e n t r a d i a t i o n (VUV v e r s u s CUV), p o s i t i o n of s u b s t r a t e w i t h i n the 
p h o t o l y s i s chamber, and type of window used f o r VUV i r r a d i a t i o n . 
R e s u l t s f o r the CUV l i g h t source showed t h a t d e p o s i t i o n only o c c u r r e d 
immediately next to the window, the remaining p o s i t i o n s only showing 
evidence f o r p h y s i c a l a d s o r p t i o n of monomer onto the aluminium f o i l 
s u b s t r a t e s used ( F i g u r e 6 . 8 ) . S i m i l a r l y , VUV i r r a d i a t i o n r e s u l t e d i n 
complete d e p o s i t i o n only a t p o s i t i o n 2, although the C l s envelopes 
obtained a t p o s i t i o n 3 were p o s s i b l y i n d i c a t i v e of an incomplete 
o v e r l a y e r of f i l m r a t h e r than simply a d s o r p t i o n of monomer. 
Simultaneous i r r a d i a t i o n with both CUV and VUV sources gave l i t t l e 
change i n the atomic r a t i o s of c h l o r i n e and n i t r o g e n to carbon i n 
p o s i t i o n 1, whereas the C l s envelope r e v e a l e d an i n c r e a s e i n the 
component c e n t r e d a t 286.6 eV, t h a t a t 287.7 eV dropping i n i n t e n s i t y . 
Thus t h e r e i s a change i n the d i s t r i b u t i o n of the d i f f e r e n t m o i e t i e s 
types here without an o v e r a l l change i n the s t o i c h i o m e t r y of the f i l m 
s u r f a c e . I n a d d i t i o n the Nls envelope a t p o s i t i o n 2, which showed a 
marked i n c r e a s e i n the 399.3 eV component compared to i r r a d i a t i o n by 
VUV alone. R e p l a c i n g the M^F^ window, which has a wavelength c u t - o f f 
c i r c a 110 nm, f o r one made out of S p e t r o s i l B w i t h a higher c u t - o f f a t 
about 150-160 nm, l e d to incomplete f i l m d e p o s i t i o n i n p o s i t i o n 2 f o r 
VUV i l l u m i n a t i o n , both when c a r r i e d out alone and a l s o on the presence 
5 m 
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of a CUV l i g h t source (Table 6.6). Repeating the experiment suggested 
t h a t the d i f f e r e n c e s observed i n chemical composition a t p o s i t i o n 1 
were probably caused by experimental e r r o r . I n c o n t r a s t , i t appears 
t h a t the incomplete coverage of s u b s t r a t e observed f o r p o s i t i o n 2 can 
be a t t r i b u t e d t o the hi g h e r wavelength c u t - o f f of the new window 
m a t e r i a l used. T h i s i n t u r n suggests t h a t the VUV e m i s s i o n s from a 
n i t r o g e n plasma o c c u r r i n g between 110-160 nm, i e a t 149 nm, must be a t 
least: p a r t l y r e s p o n s i b l e f o r polymer formation i n t h i s i n s t a n c e . 
The above r e s u l t s again suggest t h a t i t i s p h o t o l y s i s p r o c e s s e s i n 
the gas phase which a f f e c t the chemical composition of the s u r f a c e 
photopolymer formed and which hence account f o r the d i f f e r e n c e s 
observed between the f i l m s d e p o s i t e d r e s p e c t i v e l y i n the vacuum and 
co n v e n t i o n a l u l t r a v i o l e t r e g i o n s . 
The next s t e p i n the i n v e s t i g a t i o n was to t e s t whether or not two 
photon p r o c e s s e s were o c c u r r i n g i n the system. I f so, then the f i l m 
d e p o s i t e d d u r i n g simultaneous CUV and VUV i r r a d i a t i o n should have 
d i f f e r i n g chemical composition compared t o those u s i n g a s i n g l e l i g h t 
source. A n i t r o g e n plasma was t h e r e f o r e i g n i t e d p e r p e n d i c u l a r to the 
flow d i r e c t i o n , the Hg/Xe lamp i r r a d i a t i n g down the l e n g t h of the 
r e a c t o r ( F i g u r e 6.7). 
Three i n i t i a l experiments employed a 200W Hg d i s c h a r g e i n p o s i t i o n 
1, f o l l o w e d by a 65W plasma i n i t i a t e d i n 0.4mb of n i t r o g e n as the VUV 
source a t p o s i t i o n 2 ) , p r i o r to simultaneous i r r a d i a t i o n . Two 
s u b s t r a t e p o s i t i o n s were used - immediately next t o the c e l l window 
(the CUV p o s i t i o n ) , and immediately opposite the VUV source (the VUV 
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r a t e of 0.55 cc(STP)min 1 of c h l o r o a c r y l o n i t r i l e i r r a d i a t e d f o r 5 
hours. They suggest t h a t , f o r simultaneous CUV and VUV i r r a d i a t i o n , 
the f i l m formed i n the VUV p o s i t i o n i s dominated by the >200 nm 
photochemistry of the Hg a r c lamp but t h a t the CUV p o s i t i o n i n f a c t 
g i v e s r i s e t o a d i f f e r e n t f i l m composition compared to near UV 
i r r a d i a t i o n alone. 
However, even a l l o w i n g f o r some of the f r e s h monomer e n t e r i n g the 
p h o t o l y s i s chamber i n i t i a l l y flowing towards the window, and hence 
being i l l u m i n a t e d by the VUV source p r i o r to d e p o s i t i o n at the CUV 
p o s i t i o n , i t was expected t h a t a d i f f e r e n c e i n chemical composition 
would be seen e i t h e r a t the VUV p o s i t i o n alone, or e l s e i n both 
p o s i t i o n s . R e p e t i t i o n of the experiment suggested t h a t experimental 
e r r o r probably accounted f o r the d i s c r e p a n c y between s u b s t r a t e 
p o s i t i o n s , such t h a t the r e s u l t s of the i n v e s t i g a t i o n were thus 
ambiguous - w h i l s t prolonged i r r a d i a t i o n appeared t o g i v e r i s e t o a 
downstream i n f l u e n c e of d e p o s i t i n g s p e c i e s , whether t h e s e continue t o 
s t a y i n the l i g h t beam or not, the e f f e c t on chemical composition was 
not proven. However, the f a c t t h a t s u b s t r a t e coverage i n p o s i t i o n 3 i n 
the i n i t i a l two window experiments only occurs to any extent under 
simultaneous i l l u m i n a t i o n at p o s i t i o n s 1 and 2 suggests t h a t the VUV 
source i s l i k e l y to be c o n t r i b u t i n g to d e p o s i t i o n i n the system. I n 
l a t e r experiments i n v o l v i n g higher CUV photon f l u x e s , and hence h i g h e r 
d e p o s i t i o n r a t e 3 , a n a l y s i s of the f i l m s formed at p o s i t i o n 3 a g a i n 
showed them to be s i m i l a r to those deposited from CUV i r r a d i a t i o n only 
(the e f f e c t here i s p o s s i b l y enhanced by the "swamping" of the 
comparatively lower i n t e n s i t y of the VUV photon f l u x by t h a t of the 
CUV) . O r i g i n a l l y , a d i f f e r e n c e i n chemical composition of the 
r e s u l t a n t f i l m s was envisaged, due to the photochemistry of 
c h l o r o a c r y l o n i t r i l e i n the vacuum UV ( <200nm) compared to the 
c o n v e n t i o n a l UV wavelengths ( >200nm) - the a b s o r p t i o n of l i g h t i n the 
former case can i n v o l v e the i i < — i i a b s o r p t i o n of the C=C double 
* 
bond, whereas the l a t t e r i s dominated by the o < — o photochemistry of 
the C-Cl moiety, t h e ( f r e e r a d i c a l ) p h o t o l y s i s products d i f f e r i n g 
a c c o r d i n g l y , t h i s d i f f e r e n c e being seen i n the comparison of the CUV 
and VUV s u r f a c e photopolymers i n v e s t i g a t e d i n Chapter 5. 
The p o s s i b i l i t y of two-photon p r o c e s s e s o c c u r r i n g during the 
s u r f a c e photopolymerization of c h l o r o a c r y l o n i t r i l e t h e r e f o r e remains 
n e i t h e r proven nor disproved. However, Ward has used photochemical 
k i n e t i c s t o show t h a t the order of r e a c t i o n f o r s u r f a c e 
photopolymerization of NVP i s g r e a t e r than u n i t y under c e r t a i n 
experimental c o n d i t i o n s , which suggests t h a t the mechanism i n t h i s c a s e 
3 
i n v o l v e s the a b s o r p t i o n of more than one photon. 
A more d e t a i l e d i n v e s t i g a t i o n i s perhaps p o s s i b l e u s i n g l a s e r s , 
which have been e x t e n s i v e l y used i n r e c e n t y e a r s t o probe the 
mechanisms of multi-photon d i s s o c i a t i o n p r o c e s s e s i n v a r i o u s molecules, 
not only i n the VUV (ArF 193 nm excimer l a s e r ) and CUV (KrF 248 nm l a s e r ) 
r e g i o n s , but a l s o t h e i n f r a - r e d . W h i l s t the a p p l i c a t i o n of such a t o o l 
to t h e study of s u r f a c e photopolymerization i s a p o s s i b i l i t y f o r the 
f u t u r e i n order to g a i n a deeper m e c h a n i s t i c i n s i g h t i n t o the p r o c e s s e s 
i n v o l v e d , few of the r e f e r e n c e s found a t the time of w r i t i n g 
acknowledged the presence of o r g a n i c t h i n f i l m d e p o s i t i o n i n a l a s e r 
4-6 . . . . system. Thxs may be due to the very s h o r t i r r a d x a t i o n times (eg « I s ) used, f o r example i n f l a s h p h o t o l y s i s , i s i n s u f f i c i e n t f o r s u r f a c e 
photopolymerization to be observed; however, e s p e c i a l l y i n those 
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s t u d i e s where longer i r r a d i a t i o n p e r i o d s a r e i n v o l v e d , i t seems l i k e l y 
t h a t t h i n f i l m d e p o s i t i o n does occur, and w i l l be i n c r e a s i n g l y r e p o r t e d 
i n the f u t u r e . 
CHAPTER 7 
PHOTODEPOSITION RATES OF ORGANIC THIN FILMS 
OF CHLOROACRYLONITRILE 
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7.1 I n t r o d u c t i o n 
Plasma p o l y m e r i z a t i o n d e p o s i t i o n r a t e s f a l l i n t o two main r e g i o n s . 
The f i r s t i s d e f i c i e n t i n the amount of monomer p r e s e n t compared to the 
l e v e l of power input to the system, w h i l s t i n the second r e g i o n t h i s 
s i t u a t i o n i s r e v e r s e d . A graph of d e p o s i t i o n r a t e v e r s u s the W/FM 
parameter ( F i g u r e 7.1) shows an i n c r e a s e with monomer a v a i l a b i l i t y up 
u n t i l the p o i n t a t which the power input to the system becomes the 
l i m i t i n g f a c t o r ; any f u r t h e r i n c r e a s e i n the amount of monomer p r e s e n t 
i n t h e system r e s u l t s i n a d e c r e a s i n g d e p o s i t i o n r a t e . ^ An analogous 
2 
s i t u a t i o n was suggested by T i l l f o r photopolymerization of n - v i n y l 
p y r r o l i d o n e (NVP), the power input to the system being the photon f l u x 
output of the l i g h t source used. T h i s chapter i n v e s t i g a t e s p o s s i b l e 
e f f e c t s of power (W), flow r a t e ( F ) , and of v a r i o u s added (non-
po l y m e r i z a b l e ) gases, on the photopolymerization of c h l o r o a c r y l o n i t r i l e 
a t near u l t r a - v i o l e t ( >200nm) wavelengths. 
7.2 Experimental 
The experimental apparatus used, F i g u r e 7.2., c o n s i s t e d of a metal 
p h o t o l y s i s chamber, the s e c t i o n s of which were b o l t e d together u s i n g 
copper 0 r i n g s sandwiched between metal f l a n g e s . Connection between 
the chamber and the g l a s s p o r t i o n s of the vacuum system was e f f e c t e d 
u s i n g Cajon u l t r a t o r r c o u p l i n g s . Pumping was provided by an Edwards 
21s ^ pump connected to the chamber v i a a c o l d t r a p ; the p r e s s u r e of 
the system was monitored by a P i r a n i head w h i l s t d e p o s i t i o n r a t e s were 
recorded u s i n g a quartz c r y s t a l d e p o s i t i o n monitor connected t o an 
a m p l i f i e r t o g i v e a d i g i t a l readout. The c r y s t a l was p l a c e d next to 
the c a l c i u m f l u o r i d e window of the c e l l , the l a t t e r being mounted i n 
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the visual window holder and c l e a n e d between experiments u s i n g an oxygen 
plasma t o remove the d e p o s i t e d f i l m . The l e a d f o r the o s c i l l a t o r p a s s e d 
down the l e n g t h of the chamber and e x i t e d through the r e a r w a l l , vacuum 
t i g h t n e s s being e f f e c t e d by s e a l i n g the e x i t hole with a r a l d i t e . 
C h l o r o a c r y l o n i t r i l e i n a monomer tube was a t t a c h e d to the system 
v i a c a j o n c o u p l i n g s . Measurement of flow r a t e u s i n g an X-Y r e c o r d e r 
wired up to a p i r a n i head gave a l a r g e experimental e r r o r i n 
determining the tangent a t the o p e r a t i n g p r e s s u r e s used. The r e s u l t s 
a r e thus p r e s e n t e d as a f u n c t i o n of monomer p r e s s u r e i n the system. On 
adding a non-polymerizable gas to study i t s e f f e c t on the d e p o s i t i o n 
r a t e of the system, f u l l mixing with the monomer was ensured i n a T 
p i e c e p r i o r to e n t r y i n t o the main chamber. Flow of a l l vapours was 
c o n t r o l l e d u s i n g Edwards needle v a l v e s , w h i l s t i r r a d i a t i o n was c a r r i e d 
out a t 185 nm u s i n g a Hanovia 1000W, 240V, 50Hz medium p r e s s u r e Hg a r c 
lamp, used on a 100W s e t t i n g and p l a c e d 1cm from the window ( i t s e l f 1cm 
t h i c k ) throughout. Experiments f e l l i n t o two c a t e g o r i e s : 
1) d e p o s i t i o n r a t e experiments, i n which the t h i c k n e s s of the 
d e p o s i t i n g f i l m was observed with r e s p e c t to time f o r v a r i o u s 
experimental c o n d i t i o n s (an a r b i t r a r y , constant s e t t i n g f o r the d e n s i t y 
of the d e p o s i t i o n monitor f i l m , which ensured good s e n s i t i v i t y f o r the 
10-15 minute d u r a t i o n of the experiments, allowed a d i r e c t comparison 
of f i l m t h i c k n e s s , and hence r a t e s of d e p o s i t i o n , between systems, 
without t h e abs o l u t e v a l u e s having to be known). 
2) repeat experiments f o r the same experimental c o n d i t i o n s as 
above, w i t h the a d d i t i o n of an aluminium f o i l p l a c e d immediately on top 
of the quartz c r y s t a l i n order to allow a n a l y s i s by ESCA of the t h i n 
f i l m formed. 
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7.3 R e s u l t s and D i s c u s s i o n 
I . V a r i a b l e Flow Rate 
0.2mb of c h l o r o a c r y l o n i t r i l e was i r r a d i a t e d f o r t e n minutes, the 
read i n g on the d e p o s i t i o n monitor being noted every t h i r t y seconds. 
The r e s u l t s , F i g u r e 7.3, show an i n i t i a l , s h o r t , time p e r i o d p r i o r t o a 
r a p i d , but steady r i s e i n t h i c k n e s s of the f i l m i n the f i r s t few 
minutes. T h i s growth r a t e t a i l e d c f f as the l i g h t i n t e n s i t y 
t r a n s m i t t e d through the window was i n c r e a s i n g l y a t t e n u a t e d by b u i l d up 
of polymer f i l m on i t s s u r f a c e . I t was also d i s c o v e r e d t h a t even a 10 
minute i l l u m i n a t i o n time markedly heated the metal r e a c t o r , c a u s i n g the 
read i n g of the d e p o s i t i o n monitor to i n c r e a s e even i n the absence of 
or g a n i c vapour. T h i s h e a t i n g e f f e c t , shown i n F i g u r e 7.4, was 
t h e r e f o r e taken i n t o account by a d j u s t i n g the readings ( F i g u r e 7.3) 
a c c o r d i n g l y . The c o r r e c t e d graph i s -o be found i n F i g u r e 7.5, 
together with the r e s u l t s f o r O.lmb and C.15mb. The o v e r a l l t r e n d s f o r 
a l l t h r e e experiments were found to be unchanged whether or not h e a t i n g 
e f f e c t s were taken i n t o account. F i l m t h i c k n e s s , and hence d e p o s i t i o n 
r a t e , was found to i n c r e a s e w i t h flow r a t e as expected (the photon f l u x 
was e f f e c t i v e l y constant throughout). F u r t h e r experiments on the 
h e a t i n g e f f e c t of the lamp with v a r i o u s p r e s s u r e s of non-polymerizable 
gases present r e v e a l e d l i t t l e d i f f e r e n c e with p r e s s u r e w i t h i n expected 
experimental e r r o r ; f u r t h e r r e s u l t s are .hus p r e s e n t e d u n c o r r e c t e d f o r 
h e a t i n g s i n c e a) the i n v e s t i g a t i o n was intended t o be q u a l i t a t i v e , 
r a t h e r than q u a n t i t a t i v e ; b) c o r r e c t i o n of the data was p r e v i o u s l y 
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A f t e r completion of t h e s e i n i t i a l experiments, the u l t r a v i o l e t 
l i g h t source broke down, r e q u i r i n g a new d i s c h a r g e tube f o r the 
completion of the work. T h i s i n t u r n r e s u l t e d i n i n c r e a s e d d e p o s i t i o n 
r a t e s on r e p e a t i n g the o r i g i n a l experimental c o n d i t i o n s due to the new 
tube having a h i g h e r photon f l u x than the o l d one f o r the same 100W 
power s e t t i n g , the o b s e r v a t i o n showing another s i m i l a r i t y between 
plasma and s u r f a c e photopolymerization s i n c e , i f the two p r o c e s s e s are 
t r u l y analogous, then the q u a l i t a t i v e e f f e c t of W/F should apply to 
both systems. T h i s appears t o be the case s i n c e an i n c r e a s e i n the 
photon f l u x f o r the g i v e n flow r a t e i n c r e a s e s the power a v a i l a b l e i n 
the parameter W/F, and hence t h e i n c r e a s e d flow r a t e seen agrees w i t h 
t h e model p r e d i c t i o n , assuming a power d e f i c i e n t r egion (the system i s 
u n l i k e l y to be monomer d e f i c i e n t , s i n c e the p r e s s u r e of monomer i n the 
r e a c t o r chamber was q u i t e h i g h ) . S i m i l a r l y , removing the l i g h t source 
from the window by some 8cm - i e d e c r e a s i n g the photon f l u x by about 
95% - was found to r e s u l t i n a lower d e p o s i t i o n r a t e , and a l s o t o 
change the chemical composition of t h e f i l m formed as s t u d i e d by ESCA 
(see s e c t i o n I I I , Table 7.2). Q u a l i t a t i v e r e p r o d u c i b i l i t y of r e s u l t s 
f o r the v a r i a b l e flow r a t e s e r i e s w i t h the new l i g h t source was proved 
f o r repeated experiments, the t r e n d s proving t o be the same f o r the 
two l i g h t sources ( F i g u r e s 7.6, 7.7). 
I I E f f e c t of Added Gas 
The next stage of the i n v e s t i g a t i o n examined the e f f e c t s of added, 
non-polymerizable gases on the f i l m t h i c k n e s s formed and hence 
( q u a l i t a t i v e ) d e p o s i t i o n r a t e of the system. Using n i t r o g e n as an 
i n e r t b u f f e r gas, two s e t s of experiments were performed. The f i r s t , 
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F i g u r e 7.8, maintained a constant p a r t i a l p r e s s u r e (O.lmb) of 
c h l o r o a c r y l o n i t r i l e w h i l s t v a r y i n g the t o t a l p r e s s u r e of the system 
u s i n g n i t r o g e n . Once again c o r r e c t i o n of the r e s u l t s t o allow f o r the 
h e a t i n g e f f e c t of the lamp was found not to a l t e r the o v e r a l l t r e n d s . 
The r e s u l t s a r e thus shown i n t h e i r u n c o r r e c t e d form, and suggest t h a t 
adding a O.Olmb p a r t i a l p r e s s u r e of b u f f e r gas to the system appeared 
to i n c r e a s e s l i g h t l y the r a t e of f i l m d e p o s i t i o n i n the f i r s t 15 
minutes of the experiment, although the t o t a l f i l m t h i c k n e s s a f t e r 20 
minutes, as recorded by the c r y s t a l d e p o s i t i o n monitor, i s the same as 
t h a t f o r c h l o r o a c r y l o n i t r i l e i r r a d i a t e d alone. Both higher p a r t i a l 
p r e s s u r e s of added n i t r o g e n (0.1 mb and 0.3 mb) l e d to s i m i l a r r e s u l t s 
as f o r O.Olmb over the f i r s t p o r t i o n of the experiment, the f i n a l f i l m 
b e i n g n o t i c e a b l y t h i c k e r . Thus the r e s u l t s do appear to show a 
p r e s s u r e e f f e c t on the system w i t h r e s p e c t to photodeposition r a t e . A 
comparison of r e s u l t s f o r a mixture of O.lmb of monomer together w i t h 
O.lmb of added n i t r o g e n with those f o r 0.2mb of monomer alone, F i g u r e 
7.9, which shows t h a t the l a t t e r c o n d i t i o n l e a d s t o the g r e a t e r 
d e p o s i t i o n r a t e - i e i t i s the monomer p r e s s u r e and flow r a t e t h a t i s 
important such r a t h e r than t h a t of c a r r i e r gas. Coupling t h i s w i t h the 
dependence of r e a c t i o n r a t e on photon f l u x suggested i n chapter 5 and 
the use of a new d i s c h a r g e tube (above), the r a t e equation i s probably 
of the form : 
v = k[monomer]I 
where I i s the i n t e n s i t y of the i n c i d e n t r a d i a t i o n , and the equation i s 
of the form found by Koizumi and coworkers f o r the gas-phase 
4 5 
photopolymerization of v i n y l c h l o r i d e ' . The dependence of r e a c t i o n 
v e l o c i t y , v, on monomer p r e s s u r e i s f u r t h e r shown i n F i g u r e s 7.5 and 
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7.10. I n the l a t t e r the d e p o s i t i o n of 0.2mb of monomer i r r a d i a t e d 
alone i s compared t o t h a t on a d d i t i o n of O.lmb and 0.2mb N^, 
together with the r e s u l t f o r O.lmb monomer i n the presence of 0.3mb N^. 
Note, t h a t the i n i t i a l d e p o s i t i o n r a t e f o r the 0.2 mb CAN / 0.2 mb N 2 
mixture i s s l i g h t l y h i g h e r than t h a t f o r t h e monomer alone, although 
the t h i c k n e s s of f i l m d e p o s i t e d a f t e r 10 minutes i s about the same. The 
e x i s t e n c e of a p r e s s u r e dependence of the o v e r a l l photopolymer 
d e p o s i t i o n r a t e would be i n d i c a t i v e of a mechanism i n v o l v i n g 
v i b r a t i o n a l l y e x c i t e d ground s t a t e s , s i n c e the (quantum) y i e l d of 
products u t i l i s i n g t h e s e a r e known to decrea s e as the p r e s s u r e of the 
3 
system i n c r e a s e s . T h i s r e s u l t i s due to the i n c r e a s e d frequency of 
molecule-molecule c o l l i s i o n s per second l e a d i n g to a g r e a t e r l e v e l of 
c o l l i s i o n a l s t a b i l i s a t i o n and quenching. T h i s would agree with the 
r e s u l t s of Koizumi e t a l f o r gaseous v i n y l c h l o r i d e i r r a d i a t e d at 253.7 
nm i n the presence of mercury as s e n s i t i s e r , ^ ' which was observed to 
g i v e a white s u r f a c e photopolymer. The photochemistry can be 
i n t e r p r e t e d u s i n g the data of C a l l e a r and Cve t a n o v i c , ^ which would 
3 
suggest t h a t c o l l i s i o n of Hg( P^) wi t h ground s t a t e v i n y l c h l o r i d e 
molecules l e a d s to a v i b r a t i o n a l l y e x c i t e d t r i p l e t s t a t e which 
undergoes unimolecular decomposition to g i v e a c e t y l e n e s . -Using the 
7 3 data of Simons , t h i s t r i p l e t i s i n f a c t the ground s t a t e . The o v e r a l l s e n s i t i s a t i o n photochemistry i s e f f e c t i v e l y the same as t h a t 
3 5 
obtained i f s t e a d y - s t a t e p h o t o l y s i s occurs a t 185 nm. ' 
Oxygen was next added to the system i n order t o study any uptake 
o c c u r r i n g d u r i n g the photodeposition p r o c e s s , r a t h e r than i n c o r p o r a t e d 
on subsequent exposure of the f i l m s u r f a c e to a i r . F i g u r e 7.11 shows 
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0.2mb r e s p e c t i v e l y ) as w e l l as both O.lmb and 0.2mb of CAN vapour 
i r r a d i a t e d alone. These c l e a r l y show t h a t the o v e r a l l amount of f i l m 
d e p o s i t e d over longer i r r a d i a t i o n times (10-20 minutes) i s l e s s . 
Repeating the experiment c o n s i s t e n t l y gave s i m i l a r r e s u l t s . S i n c e 
i r r a d i a t i o n o c c u r r e d above the vacuum u l t r a v i o l e t t h r e s h o l d f o r oxygen 
photochemistry , i t i s p o s s i b l e t o disc o u n t oxygen a c t i n g as a quencher 
of e l e c t r o n i c a l l y e x c i t e d s t a t e s . T h i s suggests t h a t r e a c t i o n probably 
o c c u r s w i t h f r e e r a d i c a l s formed i n the f i l m s u r f a c e as i t d e p o s i t s , an 
id e a subsequently r e i n f o r c e d by ESCA a n a l y s i s of photopolymer d e p o s i t e d 
onto aluminium s u b s t r a t e s i r r a d i a t e d under the same experimental 
c o n d i t i o n s (see below), which confirmed t h a t oxygen uptake by the 
photopolymer f i l m s had indeed taken p l a c e . 
The above evidence r e i n f o r c e s the p o s s i b l e importance of f r e e 
r a d i c a l s i n the photochemistry of c h l o r o a c r y l o n i t r i l e s u r f a c e 
photopolymerization as suggested by the i o d i n e i n h i b i t i o n experiments 
r e p o r t e d i n Chapter 5. S i m i l a r experiments u s i n g the c r y s t a l 
d e p o s i t i o n monitor a l s o e x h i b i t e d i n h i b i t i o n - the r e s u l t s shown i n 
F i g u r e 7.12 i n d i c a t i n g t h a t the d e p o s i t i o n r a t e f o r 0. 2mb of CAN i n the 
presence of i o d i n e a t vapour p r e s s u r e i s somewhat l e s s than t h a t of 
even O.lmb of CAN vapour alone. S u r p r i s i n g l y , the p l o t a l s o " s u g g e s t s a 
lower d e p o s i t i o n r a t e f o r the 0.2mb CAN/I^ system than f o r O.lmb 
CAN/I^, even though ESCA a n a l y s i s showed complete coverage of the 
aluminium s u b s t r a t e i n the former case w h i l s t a l a r g e A12p s i g n a l was 
observable f o r the l a t t e r . T h i s was accounted f o r i n a c o n t r o l 
experiment i n the absence of monomer, which i o d i n e molecules were found 
to be p h y s i c a l l y adsorped onto the s u r f a c e of the exposed f o i l 
s u b s t r a t e , a process t h a t must t h e r e f o r e occur d u r i n g the i n h i b i t i o n 
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experiment as w e l l as i o d i n e s p e c i e s being c h e m i c a l l y i n c o r p o r a t e d i n t o 
the polymer. D e p o s i t i o n of l a r g e amounts of i o d i n e i n the s h o r t time 
p e r i o d of the experiment would t h e r e f o r e cause the d e p o s i t i o n monitor -
which assumes a constant f i l m d e n s i t y due to c h l o r o a c r y l o n i t r i l e 
polymer alone - to g i v e a higher reading than a n t i c i p a t e d , s i n c e i s 
a h e a v i e r molecule than the monomer. ESCA a n a l y s e s of the two f i l m s 
formed supports t h i s i d e a , s i n c e incomplete d e p o s i t i o n f o r the O.lmb 
CAN/r^ system e x h i b i t e d both an A12p and a l a r g e 13d s i g n a l - i e an 
incomplete photopolymer o v e r l a y e r together w i t h a high presence of 
mol e c u l a r i o d i n e - w h i l s t the 0.2mb CMi/I^ experiment gave complete 
coverage of the s u b s t r a t e , w i t h only a ve r y low l e v e l of i o d i n e 
i n c o r p o r a t i o n , Table 7.1. 
ELEMENT Carbon C h l o r i n e Nitrogen Oxygen I o d i n e 
ATOMIC RATIOS 100 26 28 3 2 
TABLE 7.1 Atomic R a t i o s - 0.2 mb CAN + Vapour P r e s s u r e of I o d i n e 
Note t h a t t h i s l a t t e r r e s u l t agrees w i t h t h a t found f o r a high 
flow r a t e of c h l o r o a c r y l o n i t r i l e i n the presence of I found i n Chapter 
5 and p r e v i o u s l y thought to be p o s s i b l y s p u r i o u s . Thus; - although 
i n h i b i t i o n of the photodeposition process does occur, i t does not 
c o n s t i t u t e complete s u p p r e s s i o n due to the l a r g e r a t i o of monomer to 
i o d i n e molecules a c h i e v e d i n the gas phase. T h i s c o n t r a s t s s h a r p l y 
w i t h the lower flow r a t e s i t u a t i o n s i n which the the c o n c e n t r a t i o n of 
i o d i n e molecules - and r a d i c a l s - becomes s u f f i c i e n t l y high to prevent 
photopolymerization t a k i n g p l a c e to any gr e a t e x t e n t , presumably by 
f r e e r a d i c a l recombination, e i t h e r with p o t e n t i a l d e p o s i t i n g s p e c i e s i n 
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the gas phase and/or w i t h a c t i v e r a d i c a l s i t e s on the s u r f a c e of the 
growing f i l m . Given a s u f f i c i e n t c o n c e n t r a t i o n of i o d i n e r a d i c a l s , and 
other ( e x c i t e d s t a t e ) s p e c i e s , complete i n h i b i t i o n of f i l m formation 
may be p o s s i b l e . 
T r a n s f e r r i n g t h i s knowledge to the plasma p o l y m e r i z a t i o n system, 
(Chapter 4) i t can be seen t h a t f i l m d e p o s i t i o n from 
c h l o r o a c r y l o n i t r i l e o u t s i d e the glow region - and hence i n the absence 
of i o n s and f r e e e l e c t r o n s - c o u l d t h e r e f o r e occur v i a f r e e r a d i c a l 
mechanisms when the c o n c e n t r a t i o n of i o d i n e i s s u f f i c i e n t l y low. T h i s 
c o n t r a s t s w i t h the case f o r a l l y l cyanide. Here, not only does the 
3-
presence of I and/or I ions i n the plasma polymer f i l m s suggest the 
importance of i o n chemistry i n the d e p o s i t i o n p r o c e s s , but a l s o the 
absence of d e p o s i t i o n o u t s i d e the glow r e g i o n f o r s i m i l a r 
c o n c e n t r a t i o n s of monomer and i o d i n e i n the gas phase as f o r the CAN/I^ 
system suggests e i t h e r a) t h a t the number of f r e e r a d i c a l s produced i n 
the plasma i s much lower f o r the former than the l a t t e r , r e s u l t i n g i n 
complete quenching of any f r e e r a d i c a l s p r e s e n t by the i o d i n e , or b) 
f r e e r a d i c a l s i n the system do not d e p o s i t . Case (a) i s f e l t to be 
more l i k e l y , although any such proof i s o u t s i d e the scope of t h i s work. 
Whichever, the o v e r a l l r e s u l t s f o r a l l y l cyanide plasma polymer suggest 
a minor r o l e f o r f r e e r a d i c a l chemistry i n the plasma p o l y m e r i z a t i o n 
process compared to i o n chemistry, as opposed to the opposite suggested 
f o r c h l o r o a c r y l o n i t r i l e . 
Future work i n t h i s area should i n c l u d e a study of the s u r f a c e 
photopolymerization of a l l y l cyanide i n the gas phase, s i n c e the 
absence of any f i l m d e p o s i t i o n would r e i n f o r c e the i d e a of the 
dominance of i o n c h e m i s t r y f o r t h i s monomer. 
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I I I ESCA A n a l y s e s 
Each experiment i n the above s e r i e s of experiments was repeated 
u s i n g an aluminium f o i l s u b s t r a t e p l a c e d immediately on top of the 
quartz c r y s t a l monitor to enable subsequent ESCA a n a l y s e s of the 
de p o s i t e d f i l m to be c a r r i e d out. The r e s u l t s f o r elem e n t a l 
s t o i c h i o m e t r i e s compared to carbon a r e shown i n Table 7.2 - 7.4. 
Looking a t the r e s u l t s f o r CAN vapour i r r a d i a t e d alone, Table 7.2, i t 
can be seen t h a t an i n c r e a s e i n p r e s s u r e (and hence flow r a t e ) r e s u l t s 
i n an i n c r e a s e i n c h l o r i n e content of the f i l m , i n accordance w i t h the 
r e s u l t s i n Chapter 5. The N:C r a t i o h a r d l y changes throughout w h i l s t -
again as expected - the oxygen content drops with i n c r e a s i n g flow r a t e , 
the minimal amount r e f l e c t i n g both the l e v e l of vacuum t i g h t n e s s 
a c h i e v e d i n the system and the lower r a t i o of oxygen to monomer a t the 
higher o p e r a t i n g p r e s s u r e s used. Moving the lamp t o a p o s i t i o n 8cm 
from the window on r e p e a t i n g the experiment - i e ag a i n d e c r e a s i n g the 
i n c i d e n t i n t e n s i t y by about 95% - i n c r e a s e d both c h l o r i n e and n i t r o g e n 
r e t e n t i o n q u i t e markedly, such t h a t they were both very c l o s e t o the 
1:3 r a t i o w i t h carbon expected from a conv e n t i o n a l c h a i n growth 
p o l y m e r i z a t i o n mechanism, though i t was f e l t t h a t t h i s o b s e r v a t i o n was 
a photon f l u x e f f e c t r a t h e r than a change of p o l y m e r i z a t i o n - mechanism 
from the expected s t e p growth a n t i c i p a t e d a t the lower p r e s s u r e s (< 
0.3mb) used. However, such a phenomenon has been found to occur f o r 
g 
higher p r e s s u r e s ( » 1 t o r r ) of methyl me t h a c r y l a t e . The C l s 
envelopes (not shown) r e f l e c t these s t o i c h i o m e t r i e s , w h i l s t the Nls 
s p e c t r a showed a higher p r o p o r t i o n of n i t r i l e to other environments a t 
both h i g h e r power and lower photon f l u x . 
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Table 7.3 t a b u l a t e s the r e s u l t s f o r the a d d i t i o n of n i t r o g e n to 
the system, which appears to have no apparent e f f e c t on the n i t r o g e n 
and oxygen content of the f i l m formed. The C1:C r a t i o i n c r e a s e d above 
the 15-20% experimental e r r o r l i m i t u s u a l l y found; however, a lower 
c h l o r i n e content f o r 0.3mb than f o r only O.lmb of added n i t r o g e n , 
together w i t h the s i m i l a r i t y of the C l s and Nls envelopes, suggests 
t h a t such e r r o r i s i n f a c t l i k e l y to be the cause, such t h a t any e f f e c t 
of n i t r o g e n on both chemical composition and/or d e p o s i t i o n r a t e (as 
measured by f i l m t h i c k n e s s ) i s b e l i e v e d to be unobservable with t h i s 
apparatus. 
Table 7.4 shows t h a t , as expected, more oxygen i n c o r p o r a t i o n i n t o 
the polymer f i l m o ccurs d u r i n g the photodeposition p r o c e s s i n the 
presence of 0 i n the p h o t o l y s i s chamber than can be accounted f o r by 
uptake from the atmosphere on t r a n s f e r r i n g the f i l m sample from 
apparatus to the ESCA spectrometer. Rather, i n c o r p o r a t i o n occurs 
throughout the t h i c k n e s s of the f i l m , probably as each " s u r f a c e " of the 
d e p o s i t i n g f i l m - complete w i t h a c t i v e r a d i c a l s i t e s - r e a c t s w i t h 
oxygen s p e c i e s i n the gas phase before i t s e l f being coated by f u r t h e r 
polymeric d e p o s i t . I n c o n t r a s t , on exposure of pure 
c h l o r o a c r y l o n i t r i l e photo- and plasma polymer f i l m s ( i e those" d e p o s i t e d 
i n the absence of any other gas, i n c l u d i n g oxygen) to the atmosphere 
only those f r e e r a d i c a l s which l i e i n the a c t u a l s u r f a c e l a y e r s w i l l be 
a b l e t o take up oxygen, hence l i m i t i n g the amount of o x i d a t i o n t h a t 
might occur. T h i s suggestion i s borne out by a depth p r o f i l i n g study, 
which r e v e a l e d an i d e n t i c a l chemical composition - i n c l u d i n g oxygen 
content - throughout the f i l m , which t h e r e f o r e appeared t o be 
homogenous. One other i n t e r e s t i n g f e a t u r e noted was t h a t the 
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p r o p o r t i o n of n i t r i l e t o other n i t r o g e n environments, t y p i c a l l y 
a ccounting f o r some 80-85% of the Nls envelope, was c o n s i s t e n t l y 
somewhat l e s s than the 90% p l u s observed f o r the o r g a n i c vapour 
i r r a d i a t e d alone. Why the presence of oxygen might promote opening of 
the carbon-nitrogen t r i p l e bond i s unknown. 
C l s Envelope Nls Envelope 
PRESSURE C C I N O 285.0 286.6 287.8 289.0 399.3 401.8 
of CAN 
lamp next to window 
0.1 mb 100 18 26 3 31 58 11 88 12 
0.2 mb 100 26 28 1 28 59 13 92 8 
lamp moved 8cm from window 
0.1 mb 100 24 26 1 33 47 17 3 95 5 
0.2 mb 100 34 31 2 27 58 14 1 94 6 
TABLE 7.2 Elemental S t o i c h i o m e t r i e s Obtained from ESCA 
P(CAN) P(N 2) C l s Envelope Nls Envelope 
i n mb C C I N O 285.0 286.6 287.8 289.0 399.3 401.8 
0.1 0.1 100 24 27 3 29 58 13 92 8 
0.1 0.3 100 21 26 3 35 53 12 91 9 
0.2 0.2 100 26 28 3 31 60 9 91 9 
TABLE 7.3 E f f e c t of Added Nitrogen 
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P(CAN) P (O ) C l s Envelope Nls Envelope 
i n mb C CI N 0 285.0 286.6 287.8 289.0 399.3 401.8 
0.1 0.1 100 30 33 12 24 43 18 15 82 18 
0.1 0.1 100 29 25 17 20 46 19 15 85 15 
0.1 0.3 100 25 36 18 
0.2 0.2 100 25 27 15 24 43 18 15 85 15 
0.2 0.2 100 24 21 13 
TABLE 7.4 E f f e c t of Added Oxygen 
Conc l u s i o n 
T h i s work i l l u s t r a t e s both the v a r i e t y and apparent complexity of 
o r g a n i c t h i n f i l m s d e p o s i t e d by plasma and photochemical t e c h n i q u e s . 
The nature of the monomers - together with the power / photon f l u x , 
flow r a t e and, where ap p r o p r i a t e , i n c i d e n t wavelength used a r e a l l 
shown to i n f l u e n c e the r e s p e c t i v e f i l m d e p o s i t i o n r a t e s and p r o c e s s e s , 
together w i t h the chemical composition (as determined by ESCA) of the 
polymers formed. For the monomers s t u d i e d , the Yasuda parameter W/FM 
appears to i n f l u e n c e the p o l y m e r i z a t i o n p r o c e s s q u a l i t a t i v e l y r a t h e r 
than q u a n t i t a t i v e l y . T h i s i s e s p e c i a l l y t r u e f o r the two s t r u c t u r a l 
isomers of C H N, a l l y l cyanide (CH =CH CHCN) and m e t h a c r y l o n i t r i l e 4 5 2 2 
(CH^CMeCN) , which - i f Yasuda's parameter holds t r u e - should e x h i b i t 
i d e n t i c a l behaviour with regard to d e p o s i t i o n r a t e s f o r the same 
experimental c o n d i t i o n s , r a t h e r than the marked d i f f e r e n c e s a c t u a l l y 
found f o r both these and the chemical composition of the plasma polymer 
f i l m s formed. 
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The e f f e c t of s u b s t r a t e p o s i t i o n w i t h i n the r e a c t o r chamber -
whether plasma or photochemical - was a l s o found to be of importance, 
w h i l s t the a d d i t i o n of i o d i n e or bromine to the system g e n e r a l l y 
a l t e r e d and/or i n h i b i t e d the expected p o l y m e r i z a t i o n p r o c e s s , the 
r e s u l t a n t f i l m s e x h i b i t i n g both p h y s i c a l and chemical halogen 
i n c o r p o r a t i o n . Evidence was found i n both the u l t r a v i o l e t and ESCA 
3-
s p e c t r a f o r the e x i s t e n c e of I and/or I i o n s i n the plasma polymers 
of a i l y l cyanide and c h l o r o a c r y l o n i t r i e l e d e p o s i t e d i n the presence of 
i o d i n e vapour. Such a change i n the chemical composition of the f i l m 
can, i n t u r n , a l t e r i t s p h y s i c a l c h a r a c t e r i s t i c s - f o r example plasma 
polymers of a c r y l o n i t r i l e a r e non-conducting i n s u l a t o r s , whereas 
i n c o r p o r a t i o n of i o d i n e m o i e t i e s i n t o the d e p o s i t e d f i l m i s known to 
g i v e r i s e t o a sm a l l but d e t e c t a b l e conductance (see chapter 4 ) . 
A comparison of the two d e p o s i t i o n techniques shows t h a t both 
s i m i l a r i t i e s and some d i f f e r e n c e s e x i s t between them. Reference to the 
l i t e r a t u r e - a l r e a d y w e l l documented f o r the are a of gas phase 
photochemistry with r e s p e c t to m e c h a n i s t i c data, much l e s s so f o r 
plasmas - shows t h a t such s i m i l a r i t i e s a r e to be found a t the molecular 
as w e l l as the macroscopic l e v e l . I n summary, the p r o c e s s e s i n v o l v e d 
i n plasma p o l y m e r i z a t i o n be t h e r e f o r e be e x p l a i n e d i n terms of the 
c u r r e n t knowledge of the photochemical p r o c e s s e s i n v o l v e d i n s u r f a c e 
photopolymerization. Future photochemical l i t e r a t u r e should t h e r e f o r e 
i n c r e a s e our o v e r a l l understanding of both p o l y m e r i z a t i o n systems. 
I n a d d i t i o n , d e s p i t e being a phenomenon t h a t has been known to occur 
f o r over f i f t y y e a r s , and f r e e l y acknowledged as e x i s t i n g by more 
r e c e n t authors, a survey of the wealth of photochemical l i t e r a t u r e 
a v a i l a b l e a t the time of w r i t i n g showed few r e f e r e n c e s t o s u r f a c e 
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photopolymerization, d e s p i t e many of the s t e a d y - s t a t e gas-phase 
p h o t o l y s i s experiments r e p o r t e d u t i l i s i n g s i m i l a r experimental 
c o n d i t i o n s to those employed throughout t h i s work. I n p a r t i c u l a r , some 
workers observed t h a t t h e i r r e s u l t s i n the ar e a of quantum y i e l d s , used 
i n the determination of m e c h a n i s t i c pathways, were d i r e c t l y a f f e c t e d by 
the build-up of t h i n f i l m s on the windows of t h e i r a p p a r a t i , which 
i n c r e a s i n g l y a t t e n u a t e d the i n t e n s i t y of the i r r a d i a t i o n source as the 
experiments progressed with r e s p e c t to time, and a f f e c t i n g the accuracy 
of the r e s u l t s obtained. I t seems l i k e l y t h a t such d e p o s i t s might have 
a c t u a l l y occurred i n the m a j o r i t y of such experiments c a r r i e d out, 
r a t h e r than only i n those reported. I f t r u e , the v a l i d i t y of a l a r g e 
amount of quantum y i e l d and other data r e p o r t e d - e s p e c i a l l y i n t h a t 
l i t e r a t u r e where r e l a t i v e l y long i r r a d i a t i o n times a r e used - should 
a c c o r d i n g l y be questioned. The t h i n f i l m s d e p o s i t e d are, of course, 
s u r f a c e photopolymers. I n view of t h i s and the p o t e n t i a l impact on the 
ar e a of gas phase photochemistry as a whole, i t seems s u r p r i s i n g t h a t 
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Q a l c u l a t i o n _ g f _ A t g m i c _ R a t ios_From_XPS_Dat.a 
I f t h e s a m p l i n g d e p t h seen by t h e s p e c t r o m e t e r i s i n f i n i t e l y 
t h i c k , a t o m i c r a t i o s can be c a l c u l a t e d a c c o r d i n g t o r h e f o r m u l a : 
No. o f atoms o f e l e m e n t X p e r 100 C atoms 
= A ( X ) / A ( C l s ) x s f ( X ) / s f ( C l s ) 
where A(X) = a r e a u n d e r t h e c o r e l e v e l s p e c t r u m o f e l e m e n t X 
A ( C l s ) = " " Carbon I s 
s f ( X ) = s e n s i t i v i t y f a c t o r f o r e l e m e n t X 
s f ( C l s ) = " " " Carbon I s 
S e n s i t i v i t y f a c t o r s used t h r o u g h o u t t h i s w o r k a r e : C l s = 1.0; 
5/2 
C12p = 0 . 4 1 ; N l s = 0.78; 01s = 0.56; I 3 d = 0.112; Br3 d = 0.28, 
I n t h o s e c a s e s where t h e s a m p l i n g d e p t h o f t h e X - r a y s e x c e e d s 
t h a t o f t h e sample u n d e r s t u d y ( s u c h t h a t a s i g n a l due t o t h e 
a l u m i n i u m s u b s t r a t e can be se e n ) some o f t h e C l s s i g n a l d e t e c t e d i s 
due t o h y d r o c a r b o n c o n t a m i n a t i o n on t h e s u b s t r a t e s u r f a c e . S i m i l a r l y 
t h e 01s c o r e l e v e l s p e c t r u m w i l l p a r t l y r e f l e c t t h e oxygen p r e s e n t i n 
t h e p r o t e c t i v e a l u m i n i u m o x i d e l a y e r o f t h e s u b s t r a t e . T h i s p r o b l e m 
can l a r g e l y be overcome by m e a s u r i n g t h e i n t e g r a t e d a r e a s f o r t h e C l s 
and A12p s p e c t r a . E g u a t i o n s 1 and 2 below can t h e n be used t o 
e s t i m a t e i ) t h e d e p t h , d, o f t h e f i l m on t h e s u b s t r a t e ; i i ) t h e 
i n t e g r a t e d a r e a f o r t h e t h e o r e t i c a l C l s s p e c t r u m o f t h e sample 
a s s u m i n g an i n f i n i t e l y t h i c k k s a m p l i n g d e p t h ; i i i ) t h e e x p e c t e d 
o 
i n t e g r a t e d a r e a f o r a p o l y m e r l a y e r d A t h i c k ( v i a e q u a t i o n 3 ) . The 
v a l u e s o b t a i n e d e n a b l e a p p r o x i m a t e e l e m e n t a l a t o m i c r a t i o s t o be 
c a l c u a t e d i n t h e n o r m a l way. 
A2 
I A 1 = I A 1 exp (-d/ X cos c> ) , where & = t a k e o f f a n g l e ( 1 ) 
I C l s = I A l , C l s e x p ( - d / X cos <» ) + I C l s ( 1 - exp ( -d/X cos <9- ) ) ( 2 ) 
Now, ( 1 ) => I A 1 / I A 1 = e x p ( - d / X c o s & ) => d = X c o s o I n ( I A l / I A l ) 
S u b s t i t u t i n g i n t o ( 2 ) f o r d g i v e s I C l s , p o l y m e r , w h i c h c an i n t u r n be 
t 
s u b s t i t u t e d i n t o ( 3 ) t o g i v e I C l s , t h e e x p e c t e d i n t e g r a t e d 
o 
a r e a f o r a p o l y m e r l a y e r d A t h i c k : 
/ 
I C l s = I C l s ( 1 - e x p ( - d / X cos O ) ( 3 ) 
NOTATION 
I A 1 = i n t e g r a l o f A12p s i g n a l i n p o l y m e r s p e c t r u m 
" A l s u b s t r a t e " 
C l s " " p o l y m e r 
I A 1 
I C l s 
I C l s 
I A 1 , C l s 
/ 
I C l s 
" p o l y m e r " 
" A l s u b s t r a t e " 
o 
" p o l y m e r d A t h i c k 
i . e . t h e i n t e g r a l a c t u a l l y o b s e r v e d i n t h e C l s s p e c t r u m 
i . e . t h e i n t e g r a l t h a t w o u l d have been o b s e r v e d i f t h e 
p o l y m e r sample had been i n f i n i t e l y t h i c k w i t h r e s p e c t 
t o t h e i n c i d e n t X - r a y s 
o 
d = t o t a l t h i c k n e s s o f p o l y m e r i n A 
^ = mean f r e e p a t h (NB: d i f f e r e n t f o r each e l e m e n t ) 
REFERENCES : 
1 . H.R. Thomas. PhD T h e s i s . U n i v e r s i t y o f Durham. UK. ( 1 9 7 3 ) 
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The s e n s i t i v i t y f a c t o r o f e l e m e n t X, r e l a t i v e t o c a r b o n C, can be 
c a l c u l a t e d f r o m t h e f o r m u l a : 
* 1.5 
X = o i _ _ KE 
* 1.5 
C cr. KE 
where 
o~ i s t h e c o r r e c t e d p h o t o i o n i s a t i o n c r o s s s e c t i o n and KE i s t h e 
k i n e t i c e n e r g y o f t h e p h o t o e l e c t r o n . 
* 
cr can be c a l c u l a t e d f r o m 
* 2 
cr = cf / 4 Tt [ 1 - fi / 2 ( 3/2cos<*- - 1 / 2 ) ] 
o = p h o t o i o n i s a t i o n c r o s s s e c t i o n 
£ = an asymmetry p a r a m e t e r o f t h e c o r e l e v e l 
& = t h e a n g l e b e t w e e n p h o t o n s o u r c e and a n a l y s e r ( t h e " t a k e o f f " 
a n g l e ) . 
B o t h cr and (3 have t a b u l a t e d v a l u e s w h i c h c an be f o u n d i n : 
J . E l e c t r o n . S p e c . R e l a t e d Phenom., 8, 129 ( 1 9 7 6 ) 
i b i d 8, 389 (1976)"^ 
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The Boar d o f S t u d i e s i n C h e m i s t r y r e q u i r e s t h a t each p o s t g r a d u a t e 
r e s e a r c h t h e s i s c o n t a i n s an a p p e n d i x l i s t i n g : 
(A) A l l r e s e a r c h c o l l o q u i a , s e m i n a r s and l e c t u r e s a r r a n g e d by t h e 
D e p a r t m e n t o f C h e m i s t r y and by Durham U n i v e r s i t y C h e m i c a l S o c i e t y 
d u r i n g t h e p e r i o d o f t h e a u t h o r ' s r e s i d e n c e as a p o s t g r a d u a t e s t u d e n t ; 
(B) A l l r e s e a r c h c o n f e r e n c e s a t t e n d e d and p a p e r s p r e s e n t e d by t h e 
a u t h o r d u r i n g t h e p e r i o d when r e s e a r c h f o r t h e t h e s i s was c a r r i e d o u t ; 
(C) D e t a i l s o f t h e p o s t g r a d u a t e i n d u c t i o n c o u r s e . 
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1ST_OCTOBER_1985_TO_30TH_JUNE_1986 
BARNARD, Dr.C.J.F. ( J o h n s o n M a t t h e y Group R e s e a r c h ) 2 0 t h F e b r u a r y 1986 
P l a t i n u m A n t i - C a n c e r D r u g D e v e l o p m e n t - S e r e n d i p i t y t o S c i e n c e 
BROWN. D r . J.M. ( U n i v e r s i t y o f O x f o r d ) 1 2 t h March 1986 
C h e l a t e C o n t r o l i n Homogeneous C a t a l y s i s 
CLARK, Dr. B.A.J. ( R e s e a r c h D i v i s i o n , Kodak L t d . ) 2 8 t h November 1985 
C h e m i s t r y and P r i n c i p l e s o f C o l o u r P h o t o g r a p h y 
CLARK, D r . J.H. ( U n i v e r s i t y o f Y o r k ) 2 9 t h J a n u a r y 1986 
N o v e l F l u o r i d e I o n R e a g e n t s 
QAVIES, Dr. S.G. ( U n i v e r s i t y o f O x f o r d ) 1 4 t h November 1985 
C h i r a l i t y C o n t r o l and M o l e c u l a r R e c o g n i t i o n 
D e w i n g , D r. J . (U.M.I.S.T.) 2 4 t h O c t o b e r 1985 
Z e o l i t e s - S m a l l H o l e s , B i g O p p o r t u n i t i e s 
E r t l , P r o f . G. ( U n i v e r s i t y o f M u n i c h ) 7 t h November 1985 
H e t e r o g e n e o u s C a t a l y s i s 
Q r i g g r P r o f . R. (Queen's U n i v e r s i t y , B e l f a s t ) 1 3 t h F e b r u a r y 1986 
Th e r m a l G e n e r a t i o n o f 1 , 3 - D i p o l e s 
HARRIS, P r o f . R.K. ( U n i v e r s i t y o f Durham) 2 7 t h F e b r u a r y 1986 
The Magic o f S o l i d S t a t e NMR 
HATHWAY, D r . D. ( U n i v e r s i t y o f Durham) 5 t h March 1986) 
H e r b i c i d e S e l e c t i v i t y 
I d d o n , D r. B. ( U n i v e r s i t y o f S a l f o r d ) 6 t h March 1986 
The Magic o f C h e m i s t r y (A D e m o n s t r a t i o n L e c t u r e ) 
JACK, P r o f . K.H., F.R.S. ( U n i v e r s i t y o f N e w c a s t l e ) 2 1 s t November 1985 
C h e m i s t r y o f S i - A l - 0 - N E n g i n e e r i n g C e r a m i c s 
L a Q g r i d g e - S m i t h , D r . P.R.R. ( U n i v e r s i t y o f E d i n b u r g h ) 1 4 t h May 1986 
Naked M e t a l C l u s t e r s - S y n t h e s i s , C h a r a c t e r i s a t i o n and C h e m i s t r y 
L e w i s , P r o f . S i r J a c k , F.R.S. ( U n i v e r s i t y o f C a m b r i d g e ) 2 3 r d Jan 1986 
Some More R e c e n t A s p e c t s i n t h e C l u s t e r C h e m i s t r y o f R u t h e n i u m 
and Osmium C a r b o n y l s 
Ludman, D r . C.J. ( U n i v e r s i t y o f Durham) 1 7 t h O c t o b e r 1985 
Some T h e r m o c h e m i c a l A s p e c t s o f E x p l o s i o n s (A D e m o n s t r a t i o n 
L e c t u r e ) 
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M a c B r i d e , D r . J.A.H. ( S u n d e r l a n d P o l y t e c h n i c ) 2 0 t h November 1985 
A H e t e r o c y c l i c Tour on a D i s t o r t e d T r i c y c l e B i p h e n y l e n e 
QAQONNEL, P r o f . M.J. ( I n d i a n a - P u r d u e U n i v e r s i t y ) 5 t h November 1985 
New M e t h o d o l o g y f o r t h e S y n t h e s i s o f Amino A c i d s 
P h i l l i e s , D r . N.J. ( U n i v e r s i t y o f T e c h n o l o g y , L o u g h b o r o u g h ) 30 Jan 86 
L a s e r H o l o g r a p h y 
P r o c t e r , P r o f . G . ( U n i v e r s i t y o f S a l f o r d ) 1 9 t h F e b r u a r y 1986 
A p p r o a c h e s t o t h e S y n t h e s i s o f Some N a t u r a l P r o d u c t s 
S c h m u t z l e r , P r o f . R. ( U n i v e r s i t y o f B r a u n s c h w e i g ) 9 t h June 1986 
M i x e d V a l e n c e D i p h o s p h o r o u s Compounds 
S c h r g d e r , D r . M. ( U n i v e r s i t y o f E d i n b u r g h ) 5 t h March 1986 
S t u d i e s on M a c r o c y c l i c Complexes 
ShefipaEd, P r o f . N. ( U n i v e r s i t y o f E a s t A n g l i a ) 1 5 t h J a n u a r y 1986 
V i b r a t i o n a l and S p e c t r o s c o p i c D e t e r m i n a t i o n s o f t h e S t r u c t u r e o f 
M o l e c u l e s C h e m i s o r b e d on M e t a l S u r f a c e s 
Tee, P r o f . O.S. ( C o n c o r d i a U n i v e r s i t y , M o n t r e a l ) 1 2 t h F e b r u a r y 1986 
B r o m i n a t i o n o f P h e n o l s 
T i l l , M i s s C. ( U n i v e r s i t y o f Durham) 2 6 t h F e b r u a r y 1986 
ESCA and O p t i c a l E m i s s i o n S t u d i e s o f t h e Plasma P o l y m e r i s a t i o n o f 
P e r f l u o r o a r o m a t i c s 
Tif f i f f i s , D r . P. ( U n i v e r s i t y o f B r i s t o l ) 3 1 s t O c t o b e r 1985 
Some C h e m i s t r y o f F i r e w o r k s (A D e m o n s t r a t i o n L e c t u r e ) 
H a d d i n g t o n , P r o f . D.J. ( U n i v e r s i t y o f Y o r k ) 28th.-November 1985 
R e s o u r c e s f o r t h e C h e m i s t r y T e a c h e r 
W i l d e , P r o f . R.E. (Te x a s t e c h n i c a l U n i v e r s i t y ) 2 3 r d June 1986 
M o l e c u l a r Dynamic P r o c e s s e s f r o m V i b r a t i o n a l Bandshapes 
Yarwgod, D r . J . ( U n i v e r s i t y o f Durham) 
The S t r u c t u r e o f Water i n L i g u i d C r y s t a l s 
1 2 t h F e b r u a r y 1986 
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IST AUGUST 1986 TO 31ST JULY 1987 
ALLEN, Prof. S i r G. (Un i l e v e r Research) 
Biotechnology and the Future of the Chemical I n d u s t r y 
BARTSCH, Dr. R. ( U n i v e r s i t y of Sussex) 
Low Co-ordinated Phosphorus Compounds 
BLACKBURN, Dr. M. ( U n i v e r s i t y of S h e f f i e l d ) 
Phosphonates as Analogues of B i o l o g i c a l Phosphate 
Esters 
BORDWELL, Prof. F.G. (Northeastern U n i v e r s i t y , U.S.A.) 
Carbon Anions, Radicals, Radical Anions and 
Radical Cations 
* CANNING. Dr. N.D.S. ( U n i v e r s i t y of Durham) 
Surface Adsorption Studies of Relevance to 
Heterogeneous Ammonia Synthesis 
CANNON, Dr. R.D. ( U n i v e r s i t y of East A n g l i a ) 
El e c t r o n Transfer i n Polynuclear Complexes 
CLEGG, Dr. W. ( U n i v e r s i t y of Newcastle-upon-Tyne) 
Carboxylate Complexes of Zinc; Charting a 
S t r u c t u r a l Jungle 
pfijPP, Prof. D. ( U n i v e r s i t y o f Duisburg) 
Cyclo-additions and Cyclo-reversions I n v o l v i n g 
Captodative Alkenes 
* DORFMULLER. Prof. T. ( U n i v e r s i t y of B i e l e f e l d ) 
R o t a t i o n a l Dynamics i n L i q u i d s and Polymers 
GOODGER. Dr. E.M. ( C r a n f i e l d I n s t i t u t e of Technology) 
A l t e r n a t i v e Fuels f o r Transport 
GREENWOOD. Prof. N.N. ( U n i v e r s i t y of Leeds) 
Glorious Gaffes i n Chemistry 
HARMER, Dr. M. ( I . C . I . Chemicals & Polymer Group) 
The Role of Organometallies i n Advanced M a t e r i a l s 
HUBBERSTEY. Dr. P. ( U n i v e r s i t y of Nottingham) 
Demonstration Lecture on Various Aspects of 
A l k a l i Metal Chemistry 
HUDSON. Prof. R.F. ( U n i v e r s i t y of Kent) 
Aspects of Organophosphorus Chemistry 
13th November 1986 
6th May 1987 
27th May 1987 
9th March 1987 
26th November 1986 
11th March 1987 
28th January 1987 
Sth November 1986 
8th December 1986 
12th March 1987 
16th October 1986 
7th May 1987 
5th February 1987 
17th March 1987 
*; HUDSON, Prof. R.F. ( U n i v e r s i t y of Kent) 18th March 1987 
Homolytic Rearrangements of Free Radical S t a b i l i t y 
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^ OLAH, Prof. G.A. ( U n i v e r s i t y o f Southern C a l i f o r n i a ) 
New Aspects of Hydrocarbon Chemistry) 
•% PALMER. Dr. F. ( U n i v e r s i t y o f Nottingham) 
Luminescence (Demonstration Lecture) 
PINES, Prof. A. ( U n i v e r s i t y of C a l i f o r n i a , Berkeley, U.S.A.) 
Some Magnetic Moments 
RICHARDSON, Dr. R. ( U n i v e r s i t y of B r i s t o l ) 
X-Ray D i f f r a c t i o n from Spread Monolayers 
ROBERTS, Mrs. E. (SATRO O f f i c e r f o r Sunderland) 
Talk - Durham Chemistry Teachers' Centre - "Links 
Between In d u s t r y and Schools" 
ROBINSON, Dr. J.A. ( U n i v e r s i t y of Southampton) 
Aspects of A n t i b i o t i c Biosynthesis 
^fr ROSE van Mrs. S. (G e o l o g i c a l Museum) 
Chemistry of Volcanoes 
SAMMES, Prof. P.G. (Smith, K l i n e and French) 
Chemical Aspects of Drug Development 
SEEBACH. Prof. D. (E.T.H. Zu r i c h ) 
From S y n t h e t i c Methods t o Mechanistic I n s i g h t 
SODEAU, Dr. J. ( U n i v e r s i t y of East A n g l i a ) 
Durham Chemistry Teachers' Centre Lecture: "Spray 
Cans, Smog and Society" 
SWART, Mr. R.M. ( I . C . I . ) 
The I n t e r a c t i o n of Chemicals w i t h L i p i d B i l a y e r s 
TURNER, Prof. J.J. ( U n i v e r s i t y of Nottingham) 
Catching Organometallic Intermediates 
•if UNDERBILL. Prof. A. ( U n i v e r s i t y of Bangor) 
Molecular E l e c t r o n i c s 
WILLIAMS, Dr. D.H. ( U n i v e r s i t y of Cambridge) 
Molecular Recognition 
* WINTER. Dr. M.J. ( U n i v e r s i t y of S h e f f i e l d ) 
Pyrotechnics (Demonstration Lecture) 
29t?h June, 1988 
21st January 1988 
28th A p r i l 1988 
27th A p r i l 1988 
13th A p r i l 1988 
27th A p r i l 1988 
29th October 1987 
19th December 1987 
12th November 1987 
11th May 1988 
16th December 1987 
11th February 1988 
25th February 1988 
26th November 1987 
15th October 1987 
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Board of Studies i n Chemistry 
COLLOQUIA. LECTURES AND SEMINARS GIVEN BY INVITED SPEAKERS 
1ST AUGUST 1987 t o 31st JULY 1988 
•fc BIRCHALL, Prof. D. ( I . C . I . Advanced M a t e r i a l s ) 
Environmental Chemistry of Aluminium 
25th A p r i l 1988 
% BORER. Dr. K. ( U n i v e r s i t y of Durham I n d u s t r i a l Research Labs.) 18th February 1988 
The Brighton Bomb - A Forensic Science View 
BOSSONS, L. (Durham Chemistry Teachers' Centre) 
GCSE P r a c t i c a l Assessment 
%• BUTLER, Dr. A.R. ( U n i v e r s i t y of St. Andrews) 
Chinese Alchemy 
CAIRNS-SMITH. Dr. A. (Glasgow U n i v e r s i t y ) 
Clay Minerals and the O r i g i n of L i f e 
DAVIDSON, Dr. J. ( H e r r i o t - W a t t U n i v e r s i t y ) 
Metal Promoted O l i g o m e r i s a t i o n Reactions of Alkynes 
* GRADUATE CHEMISTS (Northeast Polytechnics and U n i v e r s i t i e s ) 
R.S.C. Graduate Symposium 
GRAHAM. Prof. W.A.G. ( U n i v e r s i t y of A l b e r t a , Canada) 
Rhodium and I r i d i u m Complexes i n the A c t i v a t i o n o f 
Carbon-Hydrogen Bonds 
jjt GRAY, Prof. G.W. ( U n i v e r s i t y o f H u l l ) 
L i q u i d C r y s t a l s and t h e i r A p p l i c a t i o n s 
HARTSHORN, Prof. M.P. ( U n i v e r s i t y of Canterbury, New Zealand) 
Aspects of I p s o - N i t r a t i o n 
HOWARD. Dr. J. ( I . C . I . W i l t o n ) 
Chemistry of Non-Equilibrium Processes 
LUDMAN, Dr. C.J. (Durham U n i v e r s i t y ) 
Explosives 
McDQNALD, Dr. W.A. ( I . C . I . W i l t o n ) 
L i q u i d C r y s t a l Polymers 
MAJORAL, Prof. J.-P. ( U n i v e r s i t e Paul S a b a t i e r ) 
S t a b i l i s a t i o n by Complexation of Short-Lived 
Phosphorus Species 
MAPLETOFT, Mrs. M- (Durham Chemistry Teachers' Centre) 
S a l t e r s ' Chemistry 
NIETO DE CASTRO. Prof. C.A. ( U n i v e r s i t y of Lisbon 
and I m p e r i a l College) 
Transport P r o p e r t i e s of Non-Polar F l u i d s 
16th March 1988 
5th November 1987 
28th January 1988 
November 1987 
19th A p r i l 1988 
3rd March 1988 
22nd October 1987 
7 t h j i p r i l 1988 
3rd December 1987 
10th December 1987 
11th May 1988 
8th June 1988 
4th November 1987 
18th A p r i l 1988 
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* JARMAN, Dr. M. ( I n s t i t u t e of Cancer Research) 
The Design of A n t i Cancer Drugs 
KRESPAN,' Dr. C. ( E . I . Dupont de Nemours) 
Nic k e l ( O ) and Iron(O) as Reagents i n Organofluorine 
Chemistry 
KROTO. Prof. H.W. ( U n i v e r s i t y of Sussex) 
Chemistry i n Stars, between Stars and i n the Laboratory 
LEY, Prof. S.V. ( I m p e r i a l College) 
Fact and Fantasy i n Organic Synthesis 
MILLER, Dr. J. (Dupont Central Research, U.S.A.) 
Molecular Ferromagnets; Chemistry and Physical 
P r o p e r t i e s 
MILNE/CHRISTIE. Dr. A./Mr. S. ( I n t e r n a t i o n a l Paints) 
Chemical S e r e n d i p i t y - A Real L i f e Case Study 
NEWMAN, Dr. R. ( U n i v e r s i t y of Oxford) 
Change and Decay: A Carbon-13 CP/MAS NMR Study of 
H u m i f i c a t i o n and C o a l i f i c a t i o n Processes 
<#• OTTEWILL. Prof. R.H. ( U n i v e r s i t y of B r i s t o l ) 
C o l l o i d Science a Challenging Subject 
PASYNKIEWICZ. Prof. S. (Technical U n i v e r s i t y , Warsaw) 
Thermal Decomposition of Methyl Copper and i t s 
Reactions w i t h T r i a l k y l a l u m i n i u m 
ROBERTS. Prof. S.M. ( U n i v e r s i t y of Exeter) 
Synthesis of Novel A n t i v i r a l Agents 
•* RODGERS. Dr. P.J. ( I . C . I . Billingham) 
I n d u s t r i a l Polymers from Bacteria 
SCROWSTON. Dr. R.M. ( U n i v e r s i t y of H u l l ) 
From Myth and Magic t o Modern Medicine 
SHEPHERD. Dr. T. ( U n i v e r s i t y of Durham) 
P t e r i d i n e Natural Products; Synthesis and Use i n 
Chemotherapy 
THOMSON, Prof. A. ( U n i v e r s i t y of East A n g l i a ) 
M e t a l l o p r o t e i n s and Magnetooptic's 
WILLIAMS, Prof. R.L. (Me t r o p o l i t a n Police Forensic Science) 
Science and Crime 
WONG. Prof. E.H. ( U n i v e r s i t y of New Hampshire, U.S.A.) 
Coor d i n a t i o n Chemistry of P-O-P Ligands 
19th February 1987 
26th June 1987 
23rd October 1986 
5th March 1987 
3rd December 1986 
20th November 1986 
4t h March 1987 
22nd January 1987 
11th May 1987 
24th June 1987 
12th February 1987 
6th.November 1986 
11th February 1987 
4t h February 1987 
27th November 1987 
29th October 1986 
WONG, Prof. E.H. ( U n i v e r s i t y of New Hampshire, U.S.A.) 17th February 1987 
Symmetrical Shapes from Molecules t o A r t and Nature 
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(C) First_Yea£_InductiQn_Course i_October_1985 
T h i s c o u r s e c o n s i s t e d o f a s e r i e s o f one h o u r l e c t u r e s on t h e 
s e r v i c e s a v a i l a b l e i n t h e d e p a r t m e n t . 
1 . D e p a r t m e n t a l O r g a n i s a t i o n 
2. S a f e t y M a t t e r s 
3. E l e c t r i c a l A p p l i a n c e s and I n f r a - r e d S p e c t r o s c o p y 
4. C h r o m a t o g r a p h y and M i c r o a n a l y s i s 
5. A t o m i c A b s o r p t i o m e t r y and I n o r g a n i c A n a l y s i s 
6. L i b r a r y F a c i l i t i e s 
7. Mass S p e c t r o s c o p y 
8. N u c l e a r m a g n e t i c r e s o n a n c e S p e c t r o m e t r y 
9. G l a s s b l o w i n g T e c h n i q u e s 
